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In this Thesis we use atomic force microscopy (AFM) and scanning white light 
interferometry (SWLI) to investigate the spatial heterogeneity of plastic flow in 
crystalline materials. To this end we analyze one-dimensional surface profiles obtained 
from surface maps of deformed Alkali Halide single crystals. The Alkali Halides 
investigated were potassium chloride (KCI) and lithium fluoride (LiF), both of high 
purity. In the case of LiF also irradiation hardened LiF was investigated. 
For the deformed surfaces of the pure Alkali Halides we find possible self-affine 
behaviour with an exponent of about =0.7..0.8 indicating long-range correlated patterns 
in the underlying strain field. No intrinsic limit to the scaling is found and the 
combination of AFM and SWLI allow us to asses the exponent over almost 6 orders of 
magnitude, from the mm down to the nm scale. We also find power-law behaviour for 
the probability density function of the step height p(s) and the exponent found to 
describe the power-law best over about 3 orders of magnitude is about r=-l.5. Forp(s) 
an intrinsic limit is found towards larger surface step sizes. For irradiated LiF a different 
behaviour is observed for low deformations where strain softening leads to the emerging 
of characteristic step heights rather than scale-free behaviour. Towards larger strains the 
scale free behaviour with an exponent of r-- -1.5 is recovered. 
The influence of event and distribution superposition on the value of the exponent r is 
investigated with the help of a simple numerical model. Event superposition which 
influences the measured value of the exponent t at large deformations is found to 
increase its value. Distribution superposition which is found at low deformations where 
the value of the intrinsic limit to the power law behaviour of p(s) changes considerably 
is found to decrease the value of the measured exponent. The same model is also used 
for the validation of the mathematical tools used for the profile analysis. 
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Chapter 1 	 Introduction 
1. Introduction 
In the following we will introduce some of the ideas and concepts important to this work 
on heterogeneity in plastic deformation. First we give a very brief introduction to plastic 
deformation and the surface roughness created by plastic slip, which is one of the main 
focus points of this work. We then proceed to summarise some of the work done in the 
field of plastic deformation inhomogeneities in general, excluding special situations like 
the Portevin le Chatelier effect or macroscopic instabilities caused by strain (strain rate) 
softening. Instead we concentrate on situations were "traditionally" a smooth plastic 
flow would be expected. Whereas most previous work in this field of research has 
concentrated on temporal inhomogenities of plastic flow, by analysing surface profiles 
taken from plastically deformed crystals we try to understand more about the spatial 
inhomogenities of the processes involved. 
1.1 Plastic deformation 
A crystalline material subjected to a stress changes its shape. Depending on the stress 
acting on the material, this deformation consists of a reversible (elastic) part and 
possibly a permanent (plastic) part. The elastic part is comparable to the loading of a 
spring with the bonds between the atoms acting as elemental springs. The spring 
constant is then the Young's modulus E. In the case of purely elastic deformation, upon 
stress removal the material returns to its original shape. Beyond a certain threshold stress 
T,,, linear defects in the crystal structure called dislocations start to move causing plastic 
deformation. A dislocation is associated with a discrete amount of slip defined by its 
Burgers vector b, which also determines the lattice distortion caused by the dislocation. 
A dislocation is defined by the aforementioned Burgers vector b and the dislocation line 
direction t. Depending on the angle between I and b, a dislocation is said to have screw 
(b and I parallel), edge (90° between b and I) or mixed character (angle between 0° and 
90°)(Figure 1). 
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Figure 	1: 	0 
construction of an 
edge dislocation with b 
at a right angle to t ii) 
construction of a 
screw dislocation with 
b and t parallel 
Slip in crystalline materials is restricted by the requirement that deformation must leave 
the crystal lattice structure unchanged. This implies that slip has to occur by shear of 
adjacent lattice planes by a lattice vector contained within the planes. A slip system is 
then given by a set of parallel lattice planes characterized by a common normal vector n 
and the Burgers vector b, a lattice vector perpendicular to n which defines the direction 
of slip. Usually slip planes and directions coincide with most densely packed planes and 
lattice directions, as slip along these is energetically preferred. Figure 2 below shows an 
example of a slip systems for a face centered cubic lattice structure, for clarity only one 
possible slip plane of type (I 11) with its three slip directions <1-10> (plus permutations) 
is shown. 
Figure 2: 
Example for primary slip system in 
fcc-crystals, densely packed (111)-
plane with three densely packed 
slip directions <110>, <-110> and 
<1-10> 
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Whether a slip system becomes activated depends on the resolved shear stress (r) acting 
in this slip system, which for a uniaxial stress state can be calculated according to: 
= acos2cosØ, 	 (1.1) 
where a is the axial stress, A is the angle formed between the slip vector b and the stress 
axis, and ço the angle between the slip plane defined by n and the stress axis.. If t for a 
given slip system exceeds the critical value t, dislocations on this slip system become 
mobile and the slip system becomes activated. The moving dislocations then produce 
plastic shear y and the shear strain rate dy/clt is connected to the dislocation motion 
through the orowan relation: 
dy (1.2) 
Here p,,, is the density of mobile dislocations and v their average velocity. The axial 
strain e is connected to y in this case through: 
E (1.3) 
Cos 2 Cos Ø  
During plastic deformation the resistance to dislocation motion increases. This 
phenomenon is called work hardening and can be described by the work hardening 
coefficient ®. Figure 3 illustrates the response of a material to a stress in a simplified 
manner in a stress-strain diagram. The graph is depicting the axial response and 
accordingly Ty has been substituted by a),. 
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Figure 3: 
Simplified stress-strain responds of a 
material to uni-axial stress showing 
Young's modulus E, hardening 
coefficient & and yield stress c 
 
E 
To formulate constitutive relations between stress and strain, two different approaches 
can be used. The first, physical approach is based on a detailed understanding of the 
motion and interactions of the dislocations involved in the process of plastic 
deformation, while the second, phenomenological approach is based on the formulation 
of empirical flow rules in a continuum setting. In traditional continuum mechanics 
crystalline materials are envisaged as homogeneous continua, and plastic deformation is 
perceived as a spatially and temporally smooth process not unlike the flow of a fluid. Of 
course, in materials deforming by crystalline slip the assumption of spatial homogeneity 
must break down at length scales close to the spacing of single dislocations, as 
dislocations are the discrete carriers of slip in these materials. At the dislocation level, 
slip is governed by dislocation motion and the interactions of dislocations with obstacles 
such as precipitates, as well as their interactions with each other. Dislocations can get 
trapped by obstacles and break free again, hence the assumption of temporal 
homogeneity of deformation cannot be valid on the microscopic scale of individual 
dislocations. Nonetheless it has usually been assumed that at mesoscopic scales where 
multiple obstacles and dislocations are involved, the fluctuations in space and time 
would readily average out [4], such that deformation can be considered homogeneous 
above the scale of some 'representative volume element' with a size small compared to 
the external dimensions of the deforming body. 
4 
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However, experimental and theoretical investigations in recent years point towards a 
different picture (for example [2, 5-7]). Instead of incoherent motion of individual 
dislocations, bursts of activity with long range correlations in space and time have been 
found. At the same time the mesoscopic scale, where such bursts manifest themselves, 
becomes more and more important in technology with the advancing miniaturisation of 
devices. Fluctuations in the mechanical response of such small volumes of material can 
then lead to large deviations of the material behaviour from the average and a better 
understanding of these fluctuations is essential for predicting or controlling the 
behaviour of components and devices under circumstances where plasticity is a relevant 
issue. 
1.1.2 Deformation induced surface roughness 
One way to look at the spatial distribution of slip in crystalline materials is to investigate 
the traces left behind by dislocations on the surface of a material. A dislocation leaving a 
crystal through the surface leaves behind a monoatomic step. This is schematically 




edge / 	 5fTCCC 
dislocation 	 step 
Figure 4: Edge dislocation leaving the crystal through the surface leaves behind a monoatolnic 
step 
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For a single dislocation of pure edge character, the height of the resulting step h 
depends on the angle a between the active slip plane and the surface and on the Burgers 
vector length b according to the simple geometric relation: 
h3 =b cos a5 . 	 (1.4) 
The slip lines on the surface of a crystal are direct traces of dislocation motion and 
therefore their height and spatial arrangement yields direct information about the spatial 
organization of plastic deformation [8]. 
One question that immediately presents itself when investigating plasticity-induced 
changes in surface morphology is how to characterise them. A straight forward way is to 
simply count all the steps and their heights to then obtain an approximation of the step 
height probability density function p(s) by binning (see Chapter 2). 
Another way to describe the surface morphology - especially if single steps can not be 
discerned - is through a roughness parameter like the rms-roughness commonly used in 
engineering. rms-roughness for a profile of length L and height h(x) at the position x is 
defined as: 
L 	>) 2dX]  2 
rMS = 	< h (1.5) 
For evenly on the surface distributed steps (for instant equidistanced steps) of uniform 
height this value is constant above a characteristic length scale and thus suitable to 
describe the surface above that scale. As we will see later on in chapters 4 and 5, the 
surfaces of deformed crystals show rather different patterns. If the rms is determined for 
these profiles and the length along which this is done is changed, the i-ms changes its 
value. This immediately poses the question whether some kind of regularity or law can 
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be found in this change of surface roughness with profile length. One possibility for such 
a scaling relation is a power law of the form: 
r,ns(L)— L. 	 (1.6) 
Here Cis the roughness exponent. For a completely random distribution of steps with a 
narrow (e.g. Gaussian) distribution of steps the profile h(x) resembles the distance versus 
time graph of a random walker, hence, ç=0.5. Non trivial values of may either point 
towards self similar spatial patterns with long range correlations or anti-correlations or 
towards a "fat tailed" probability distribution of the steps forming the surface roughness. 
We will see in the later chapters that this scaling relation describes the scaling of the 
surface roughness over many orders of magnitude in profile length. We will discuss both 
cases in greater detail in the following chapter (Chapter 2), but give a brief introduction 
in the next section. 
1.2 Self-similar and self-a ifine behaviour 
We mainly refer to self similarity and affinity in the context of one-dimensional profiles 
here, as this is the main area of interest in this work, and adopt a rather intuitive, 
phenomenological approach towards these mathematical concepts. However, all the 
ideas can be extended to more dimensions as well and the interested reader is referred to 
the more specialised literature (e.g. [91)  where a more rigorous mathematical approach 
can be found. 
A fractal or self-similar object is, at least in a statistical sense, unchanged under the 
following scaling: 
X —*AX; 	Y — AY; where 
k A 	 (1.7) 
7 
Chapter 1 	 Introduction 
This implies that a self-similar object looks the same on all scales. On a profile 
described by these relations if we magnify the x-axis by a certain factor and then 
magnify the y-axis by the very same factor we receive a profile that looks just like the 
one we started with. An example for a self-similar curve is the so called Koch-curve 
shown in Figure 5. This fractal curve can be constructed according to the following 
instructions: 
- take a line of length one called the initiator (n=O) 
- replace the initiator by the generator shown at n=1 
- keep replacing the line segments with the scaled down generator (n=2. . . 00) 
n =0 
	 n1  
U II 
Figure 5: construction of a Koch curve with steps 0, 1,2 and 4 shown 
Self-affinity is an extension of the concept of self-similarity to a wider class of curves. 
Instead of the scaling relations given for self-similar curves above, a self-affine curve is 
statistically invariant under the transformation: 
Y — AY;with 
= 2. 	 (1.8) 
The exponent 4is also called the roughness exponent. In the case of C=1 we recover self-
similar behaviour. Self-affinity implies for a curve that if we magnify the x-axis by a 
certain factor rn we have to magnify the y-axis by mc in order to receive a curve that is 
statistically equivalent to the one we started out with (all statistical measures are the 
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same). Self-affinity is more applicable to real surfaces then self-similarity and has been 
used to describe a wide range of problems in materials science. Examples include 
fracture surfaces [10],  porosity of drilling cores in oil fields [11] and growth of surface 
layers in coatings [121,  but are not limited to these. 
In real physical systems scale free behaviour like self-affinity is always limited towards 
small and large scales. The lower limit can never be smaller then the smallest building 
blocks of the system, in the case of crystalline materials for example the atoms making 
up the material. Similarly the system size itself has to be an upper bound for scale free 
behaviour. However, the scaling regime can be further limited from above or below by 
the emergence of internal length scales in the system investigated. 
1.2.2 Levy process 
As previously mentioned, a second possible cause of power—law scaling of the rms 
roughness of a profile with its length is a distribution of the surface step heights which 
besides a large number of small steps contains a 'fat tail' of large steps with power-law 
height distribution. A mathematical example for such a distribution is the Levy 
distribution which is given by the probability density function p(x,c,a) and which for the 





Here c is the scale parameter. A plot of p(x, c,3/2) for different c can be seen in Figure 6. 
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Figure 6: The probability density function of a Levy-distribution plotted linear (left graph) and 
logarithmically (right graph) for different values of the scaling parameter c. In the logarithmic 
plot the power law behaviour for large x can be seen. 
In the logarithmic plot we can see power law behaviour of the probability function for 
large x-values. An example for such a distribution in nature is the way many animals 
search for food. They tend to cover an area with many small steps and as food sources 
are depleted in that area move on to a new area further away [13]. In the context of 
surface profiles we expect to see profiles formed by many small steps broken up by rare 
large events. Unlike a self-affine or self-similar surface a surface made up of such steps 
is not statistically invariant after rescaling. 
1.3 Previous work in the field 
Experimental activity in the field of heterogeneity of plastic deformation can be 
categorized into three groups: acoustic emissions during deformation, deformation of 
micron sized samples and surface evolution of deformed samples. We will summarise 
some of the recent work in all three areas starting with acoustic emission and 
deformation of micron sized samples, but somewhat single out the surface evolution for 
a more thorough discussion due to its close relation to our own work. 
10 
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1.3.1 Acoustic emissions 
Dislocations moving through a crystalline material interact with the phonon and electron 
system of the crystal lattice. The resulting energy dissipation often causes dislocations to 
move in an over-damped manner. If dislocation motion is rapid enough, energy is not 
only dissipated but in addition acoustic waves are emitted. These acoustic emissions 
(AE) can then be monitored and the records used for statistical analysis of dislocation 
dynamics. A disadvantage of this technique is that results can only be interpreted under 
the assumption of certain models for the deformation process [6].  It has also to be 
mentioned that dislocation motion is not the only source of acoustic emissions; any 
sudden changes of inelastic strain can cause them [14], such as for example 
microcracking. For a burst of n dislocation segments of length L moving with the 
constant speed v the peak acoustic emission s has been evaluated as [6]: 
nLv 	 (1.10) 
d 
with d the distance between AE source and transducer and k an experimental constant 




where y is shear strain and p, the density of mobile dislocations (here pm=flL) it can be 
seen that the acoustic amplitude is proportional to the local strain rate of the event [4]. 
Records of acoustic emissions in metals, plotting amplitude against time, contain spikes 
of activity against a continuous background. In older studies only the continuous signal 
was interpreted as dislocation activity: As plastic flow was understood as a spatially and 
temporally homogeneous process, the importance of the discontinuous spikes in the data 
11 
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was overlooked [4]. In recent studies, however, the intermittent bursts that are 
characteristic of AE during plastic deformation have been analysed systematically with 
statistical methods. These efforts have concentrated on ice single and polycrystals [6, 
14-171 and have recently been extended to hexagonal closed packed (hcp) metal single 
crystals [18]. 
Ice has several advantages in view of AE experiments [14]: transparency allows to check 
for micro cracks as possible AE sources, single- and polycrystals of various sizes can be 
grown easily, and transducers can be frozen directly onto the material allowing for 
excellent coupling. The deformation at (for the material) elevated temperatures and low 
stresses is achieved almost exclusively by dislocation motion and only a very limited 
number of slip systems becomes activated (basal glide). It has been suggested that the 
low dislocation densities in ice are favourable for detecting the discrete bursts of 
dislocation motion and that the continues background observed in metals is due to the 
higher dislocation densities in them [4]. Weiss and co-workers concentrated on creep at 
low stresses and elevated temperatures in ice. They evaluated peak amplitudes A,,,, as 
well as acoustic energies E of acoustic emission bursts according to: 
E= jA2(t)dt. 	 (1.11) 
B stands for a compact interval in which the amplitude A(t) exceeds a certain threshold 
value. For single crystals they found the following power law relations for these 
quantities: 
p(E) - E 16 	 p(A) A 2 . 	 ( 1.12) 
These power law relations illustrate the strong heterogeneity of plastic deformation in 
time. Figure 7 shows the intermittent nature of the acoustic emission and the power-law 










Figure 7 (taken from [3]): 
= 0.030 MPa 	Statistical properties of the 
o,=0.037MPa 
i acoustic burst energy E 
a0 - 0.067 MPa J measured in ice single crystals 
ao0 =0.O86MPa 
under constant stress. Linear fit 
= 1.6 
1 of the power law gives an 
exponent of 1.6. The inset 
shows the recording of acoustic 
burst energy over time and 
1 illustrates 	the 	intermittent 
character of the process. 
2 	 4 	 6 	 8 
F 
In another experiment Weiss and Marsan addressed the spatial distribution of dislocation 
bursts in ice single crystals by using multiple transducers to record the AE. In this setup 
the time delay in the different transducers could be used to calculate the location of the 
AE sources with a precision of about 400.tm [16], but only the emissions of events large 
enough to reach all five transducers could be treated in this way. Analysing their data 
using the correlation integral technique, they found self-similar patterns with a 
correlation dimension DF—=2.5±0. 1. Scaling was observed over 1.5 orders of magnitude 
limited only by sample size and the resolution of their technique. 
The AE of metal single crystals of Cadmium and Zink was investigated by Richeton et 
al. [18]. The records of AE during tension tests on these materials gave a similar 
proportionality of P(E)-E"5 , although plastic deformation in these materials proceeds 
not only through dislocation motion but also by twinning. 
In summary it can be said that the recent experiments in AE show the intermittent 
character of plastic deformation in time quite clearly and also give some evidence 
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spatial heterogeneity the limited spatial resolution and the inability to detect small events 
is somewhat hindering, though. 
1.3.2 Deformation of micron-sized samples 
In large deformation specimen the incoherent superposition of deformation events from 
different positions in the sample leads to a perceived smoothness of time vs. strain and 
time vs. strain rate signals in tensile and compressive testing of materials. However, 
recently Dimiduk and co-workers developed a technique to produce pillars of sizes 
down to 0.5 pm in diameter by focused ion beam (FIB) milling and to deform them. 
Using a modified nanoindenter to load the samples they also succeeded in achieving a 
very good displacement resolution in the low Angstrom region. They tested pure Nickel 
and Nickel-super-alloy single crystal pillars oriented for single slip [7, 19], and 
Nadgorny et al. used the same setup for experiments on lithium-fluoride single crystals 
[20]. Figure 8 shows a LiF micron sample produced by the aforementioned technique. 




LIF, deformed, 20 inn 
Figure 8: 
The picture on the left 
shows an undeformed 
LiF micron sample 
machined out of a single 
crystal by focused ion 
beam technique. The 
right pillar has been 
deformed and some slip 
lines are visible. 
In all these materials the strongly intermittent character of the deformation can be 
directly observed. In strain control, plastic deformation proceeds by intermittent bursts 
14 
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broken up by regions of quasi-elastic loading. The stress-strain curves take on a shape 
similar to a "devils staircase" (see Figure 9), i,e., they consist of a stochastic sequence of 
bursts with widely varying sizes x (defined as strain or elongation increments 
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Figure 9: The stress-strain curves of irradiated LiF single crystals of different sizes showing 
intermittent strain bursts connected by quasi-elastic areas. 
Plotting the number of strain bursts (events) fle(X) for a given burst (event) size x against 
x a power law of the form 
(1.13) 
is found, where C is a constant and a=1.5. This exponent is in good agreement with the 
exponent for the acoustic energy found in AE experiments. Another effect of this 
stochastic nature of plastic deformation can be seen in the increasing variation in the 
15 
Chapter 1 	 Introduction 
deformation curves which is observed as the pillar size is decreased - although all 
samples were machined out of the same single crystal. At the same time the reduction in 
size leads to a strong increase of the flow stress in the samples which in this very simple 
test geometry can not be explained by strain gradients. With their experiments on LiF 
and irradiated LiF (which contains a high concentration of obstacles for dislocation 
motion) Nadgorny et al. showed that this behaviour is not limited to metals [20]. 
To summarise, microdeformation experiments are a very straightforward way to observe 
the heterogeneity of plastic flow in crystalline materials. The exponents found for the 
scaling of event size vs. number of events are in good agreement with what has been 
observed for acoustic emissions. Unfortunately no systematic investigations into the 
spatial distribution of slip have been undertaken as yet. However, Uchic and co-workers 
mentioned that images taken from their micro-samples after deformation showed "fine 
discrete slip bands along the gauge length" [7]. 
1.3.3 Surface patterning of deformed samples 
As pointed out in section 1.2 plastic deformation proceeding through dislocation motion 
leaves behind characteristic patterns on the crystal surface. The heterogeneity of plastic 
deformation is readily visible by looking at slip line micrographs like the one shown in 
Figure 10 taken with an optical interferometer. 
Figure 10: Micrograph of a deformed Cu-single crystal in deformation stage I showing slip line 
formation illustrating the inhomogeneity of plastic deformation. 
In the case of simple slip geometries like single slip these slip lines organize in striated 
patterns. It has been proposed that the intersection points of a line drawn normal to these 
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striations might have fractal character. To our knowledge two studies were conducted to 
investigate this matter [21, 22] of which the one by Kleiser and Bocek [22] is the more 
extensive. Kleiser and Bocek found for the slip lines on a Cu single crystal deformed in 
a narrow strain interval (0.59<y<0.69) a statistically self similar pattern. This self-
similarity was observed over about two orders of magnitude. For a Co single crystal that 
had been deformed over a large strain interval (O<y<0.35) they did not observe any self-
similar scaling. In both studies micrographs were used which do not contain any 
quantitative height information, meaning that it is not possible to know how many 
passed dislocations correspond to a given slip line. Accordingly the found correlations 
can not be translated directly into correlations in the strain pattern of the crystals [4]. 
With the invention of atomic force microscopy more detailed studies of slip lines 
became possible. Some interesting setups were developed where the combination of a 
small tensile testing device and an AFM allows the in-situ observation of slip line 
formation (e.g. [23-261). However, the idea of self-similarity of the observed slip line 
patterns was not followed up on in these studies. AFM by itself is not an optimal 
technique for such studies, as measurements are usually limited to a fairly narrow field 
of view. For the investigation of self-affine behaviour, though, it is advantageous to 
cover as many scales in size as possible. 
Accordingly the recent investigations into the scale free behaviour into deformation 
induced surface patterns relied either on confocal microscopy capable of measuring 
much larger areas (700x660im) [27, 281 or even on a combination of an optical (large 
scale) technique and atomic force microscopy [2]. By combining different techniques it 
is possible to cover many orders of magnitude in size. In the case of surface metrology 
these techniques provide the same type of information, namely surface step height and 
position of surface steps. This is an advantage over bulk techniques as techniques 
suitable for measurements on different scales in their case yield qualitatively different 
information (e.g. transmission microscopy and x-ray topography), making it impossible 
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to simply stitch this information together to a larger picture as can be done in the case of 
surface topography techniques [4]. 
Zaiser et al. [2] and Wouters et al. [28] both investigated the surfaces of deformed 
polycrystalline materials post mortem. Wouters and co-workers looked at Al-Mg-alloy 
samples of different grain sizes. They found self-affine scaling on the surfaces of the 
deformed samples using confocal microscopy and a roughness exponent of =0.85-0.9. 
The upper boundary of the scale free behaviour coincided with the average grain size of 
their alloy. The use of AF'M and scanning white light interferometry (SWLI) allowed 
Zaiser et al. to investigate length scales from lOnm up to 2mm on Cu (99.99% pure). As 
expected they found a roughness exponent of 41 for the undeformed sample 
corresponding to a profile resembling a straight line as the simplest self-similar object in 
2D. After some deformation they found a slightly lower roughness exponent of c=0.75 
compared to Wouters et al. and again the self-affine behaviour appeared to be limited 
towards larger length scales by the average grain size. Using the aforementioned 
combination of measurement techniques Zaiser et al. could confirm scale-free behaviour 
over four orders of magnitude (see Figure 11). 
Figure 11 (taken from[2]): 
Mean height difference 
against separation distance 
for profiles measured by 
scanning white light 
interferometry and AFM on 
a deformed Cu-polycrystal. 
Power-law behaviour can be 
seen over four orders of 
magnitude with roughness 
__0.o1 	0.1 	1 	10 	100 	1000 exponent O.& 
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A logical extension of this work is the investigation of single crystals as this would 
eliminate the characteristic length scale introduced by the average grain size. In this 
way, it should be possible to detect intrinsic limitations of the scale-free behaviour. This 
will be one of the tasks of the present work. 
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2. Mathematical concepts 
In this chapter we will introduce the methods we used for the statistical analysis of the 
surface profiles taken from the deformed samples. We will explain the actual analysis 
methods in the context of surface profiles. Furthermore, we will have a look at the 
capabilities of our statistical "tools" by applying them to analyse computer-generated 
profiles. Comparing the known statistical properties of the computer-generated profiles 
to the results of our analysis allows us to asses the reliability and possible shortcomings 
of these "tools". 
2.1 Self-a ifine surface patterning and levy distributed steps 
As pointed out in the previous chapter and as we will see in the following chapters the 
surface roughness found on deformed crystals exhibits power-law scaling. This 
behaviour can stem from two different reasons. It can either be due to self-affine 
patterning of the surface steps or result from a Levy distribution of the surface step 
heights. 
2.1.1 Levy distribution 
Levy distributions are heavy-tailed probability distributions, meaning that they fall to 
zero as 14xI°' with O<a<2 where x is the random variable. Therefore Levy distributions 
have infinite variance or no second moment. We consider Levy distributions here, as the 
Levy distribution of parameter a is the stable function for the corresponding family of 
heavy tailed probability distributions. This means it is an attractor for all other heavy 
tailed distributions. If values are randomly drawn from any heavy tailed distribution 
obeying for their power-law tails 14xl' with O<a<2 the sum of many such values will 
always be Levy distributed (generalization of central limit theorem). This is in parallel to 
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the central limit theorem valid for distributions with a finite variance, stating that the 
sum of many values drawn from these will always be Gaussian distributed. 
To illustrate this we can imagine a random walk with steps obeying a distribution with a 
finite variance and a random walk where the steps are distributed according to a 
distribution possessing a "heavy tail", a so called Levy flight. For the Levy flight after a 
large number of steps the distance from the origin will tend towards a Levy distribution, 
while for the random walk it will tend towards a normal distribution. 
2.1.2. Self-affine profiles 
Self-affine profiles are statistically invariant under the transformation described in (1.8). 
They are made up of elementary steps which themselves have Gaussian distributed 
heights and from the spatial arrangement of these steps their special properties arise. For 
such patterns the roughness exponent can be determined and interpreted in terms of 
step clustering or anti-clustering. Different methods can be used for determining C - the 
one we will use in later chapters is the variable bandwidth method detailed below 
(section 2.2.2). If the step heights are Levy-distributed such an interpretation of is not 
possible. Accordingly, it is important to try and distinguish between these two cases. 
The approach we use to this end is to check higher moments of the generalized 
correlation function as detailed below (2.2.3) by utilizing the statistical invariance of 
self-affine profiles. 
2.2 Analysis methods 
2.2.1 Surface step distributions 
To characterize the distribution of steps on the surfaces the probability density function 
p(h) of the surface step height h can be determined. In general the integral over p(h) of a 
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distribution function in a given interval [a,bl is the probability P(a,b) of a randomly 
drawn value from the distribution function to lie within that interval. 
P(a,b) = Jp(h)dh 
	
(2.1) 
In order to obtain p(h), random values are drawn from the corresponding distribution 
and this data is plotted in a histogram. In the case of our surface profiles the randomly 
drawn values are the surface steps we find on our deformed crystals. The resulting 
histogram is an approximation of p(h). However, care has to be taken when choosing the 
bins in which the values are sorted for the histogram plot as the choice of bin-size can 
greatly influence the results. In our analysis we choose logarithmic binning and tested 
our results for stability under changes of bin size. Logarithmic binning was chosen due 
to the nature of our results which show power law behaviour as we will see in later 
chapters to which logarithmic bins seem to us the "natural" choice. On the matter of bin-
size, it could usually be observed that too small bins led to very "noisy" histograms as 
every bin only contains very few values, while too large bins made the scale-free region 
of the curves appear shorter or in extreme cases could hide it completely. 
To distinguish steps from the terraces we evaluated the local slope of the profile in terms 
of the height difference of adjacent data points, a slip step was defined as a compact 
interval of positive slope, and accordingly a slip terrace as a compact interval of negative 
slope. The way the experimental profiles are recorded is such as to have zero average 
slope. If deformation proceeds by slip on a single-slip system, this implies that any 
interval over which the local strain exceeds the average strain has positive slope and, 
conversely, any interval over which the local strain falls below the average strain has 
negative slope. Hence, our definition of the slip steps and terraces implicitly uses the 
average strain as a threshold value. In the case of more than one activated slip system it 
becomes difficult to distinguish between slip steps and terraces and care has to be taken 
in the interpretation of the resulting step distributions. 
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2.2.2 Rms roughness and variable bandwidth method 
The root mean square roughness (rms) of a profile as introduced in the previous chapter 
is commonly used to describe the roughness of a profile. 
nns 
= [ 




For self-affine profiles this parameter becomes scale dependent and hence is only of 
limited usefulness in describing such a profile [29]. Instead, a single self affine exponent 
(or roughness exponent) characterizing the self affirie scaling can be determined [301. 
Several methods have been developed for determining this parameter. Some are taken 
from traditional fractal dimension determination, like box counting and the divider 
method [9]. These methods have the problem that the fractal dimension is not well 
defined if the object does not obey a strictly self similar symmetry [30]. 
Other methods have been developed explicitly for dealing with self affine profiles. One 
of these is the variable bandwidth method. In this method a profile of the length L is cut 
into smaller sections (or bands) of constant width A, the rms roughness of these part 
profiles is evaluated and the average over all bands <rrns(A)> is formed. Alternatively 
the difference 5 between the maximum or minimum value in the interval A can be used. 
This is repeated for different values of A. For a self affine set a power law of the 
following form is expected: 
rrns - 	 (2.2) 
S - A 	 (2.3) 
with C being the roughness exponent. Accordingly plotting the rms or maximum height 
difference over the bandwidth in a log/log diagram gives a straight line with slope C for a 
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self-affine surface, but also for a profile corresponding to a Levy flight (for a method to 
distinguish these cases, see below). The variable bandwidth method is only relevant for 
0< <1, with C=1 corresponding to a self-similar surface and =0.5 to a random walk. If 
applied to self-affine profiles, values above 0.5 indicate long range correlations in the 
pattern of the elementary steps, while those below =0.5 indicate anti-correlation [11]. In 
the context of deformation-induced surface profiles a value of C=1 usually can be 
attributed to a straight line as the simplest self-similar object in 2D. Correlation 
corresponds to a clustering of slip lines or an "attraction" between them. Anti-correlation 
on the other hand then implies "repulsion" of the slip lines from each other. The variable 
bandwidth method has been reported by several authors as producing reliable results 
even for small sets of data [11, 3 1 ] especially for roughness exponents in the range 
0.5'z'z0.9 [31]. 
Another popular method falling into the same category of self similar analysis methods 
is the evaluation of the power spectrum of the profile [30]. For a self affine surface the 
power spectrum S(f) is expected to scale according to: 
S(f) - fl-2' 	 (2.4) 
It has been recorded by others [11, 31] that the power spectrum method is only reliable 
for large arrays of data which are often not available in experiments. The method has 
also been reported as unreliable for large values of the roughness exponent. 
The method used extensively in this work is the variable bandwidth method as the 
amount of data that could be extracted from our experiments is limited and as mentioned 
above the variable bandwidth method has been reported as more suitable for small data 
sets. 
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2.2.3 Multi-scaling 
As mentioned above we use this method to try and distinguish between power-law 
scaling relations stemming from a self-affine surface pattern and those resulting from a 
Levy distribution of the surface step heights. A self-similar profile is statistically 
invariant after rescaling and hence all statistical measures are the same. If we for 
example evaluate higher moments of the correlation function C(L,q) 
C(L, q) = (lh(x) - h(x + L)I") cc ii' 	 (2.5) 
the roughness exponents Cq we find for higher moments has to be the same for all q in 
case of a self-affine profile. Here h(x) is the profile height at the position x on the profile 
and L is a distance along the profile. In contrast to this, different moments yield different 
exponents for a surface made up of steps with Levy distributed heights. For a Levy 
distribution one is bound to find lower exponents for higher moments, as the higher 
moments of the correlation function emphasize the large steps in the distributions. 
2.3 Analysis of artificial profiles 
In order to get a better understanding of what the above methods are capable of we will 
use them to analyse profiles generated in Matlab with a known step height distribution. 
We will start by analyzing relatively simple profiles and then introduce additional 
effects to get to a physically more realistic picture. 
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2.3.1. Simple profiles 
Profile generation 
In order to generate profiles we first have to choose a step height distribution for the 
surface steps. Here we have chosen one with the probability density function p(s) 
obeying: 
p(s) = cs -r ex [_[J2 ]. 
so 
Where C is a constant, r=1 .5 the scaling exponent, s the step height and s0 the maximum 
step height. This distribution was chosen as it has been shown to fit avalanche burst 
distributions in simulations as well as in experiments [32]. The maximum step height So 
for a strain-controlled deformation experiment is governed by: 
bE 
so Oc  
L(e+F) 
(2.7) 
b is the Burgers vector length, E the elastic modulus of the material, L the characteristic 
specimen size, 9 the work hardening coefficient and F the effective stiffness of the 
specimen-testing machine system [33]. The idea behind this is that the maximum 
avalanche size in a deformation experiment is limited by three different effects. Firstly 
the limited sample size and the lamellar nature of slip limits the volume active during a 
slip avalanche. Secondly a dislocation avalanche leads to a stress relaxation under the 
condition of strain control, as the testing machine has to catch up with the plastic 
deformation caused by the avalanche. And thirdly the work hardening of the material 
limits the maximum avalanche size further. 
(2.6) 
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When generating our profiles we first generate a flat profile made up of a certain number 
of boxes of a certain width and input material parameters, namely the ration of DO and 
the length of the Burgers vector. Then the program calculates the cumulative probability 
function P(h) for all possible step heights (only multiples of b are allowed). A lower 
boundary for the step heights has to be assumed and in our simulations we fixed this 
minimum step height to a value of 10 times the Burgers vector b in approximate 
accordance with our experimental results (e.g. Chapter 4). In a next step the program 
generates random values for the probability and reads out the according step height. This 
step is then placed in a random position on the profile. Every step is associated with a 
certain amount of strain and the profile-generator stops when a pre-set total strain value 
is reached. In a final step a line with its slope equal to the average slope of the generated 
profile is subtracted from this profile in order to receive a curve resembling an 
experimental profile. An example for such a profile is shown in Figure 1. 
Figure 1: 
Artificial 	profile 
generated with Matlab 
code for the following 
parameters with all 
dimensional values in 
PM: boxlength0. 5, 
b=0.3, number of 
boxes= 25000, final 
Ô 	2000 4000 6000 8000 10000 12000 14000 strain 	0.2 	and 
position x [pm] 	 Fie=1000 
Profile analysis 
In the following we will analyse profiles generated as described above for different 
strains to see what we can expect to get from our analysis. The only differences are the 
number of boxes used for the generation of the profiles which was raised to 50000 to 











0 1.  
straIn 0.1% 
Chapter 2 	 Mathematical concepts 
strains. The ElO was determined from stage I of the stress strain graphs of KCI to be 
E/O= 1000. The length of the Burgers vector was taken to be b=0.3 nm in approximate 
accordance with literature values [34] which in combination with the minimum 
avalanche size of 10 dislocations leads to a minimum step height of 3nm (and thus 
determines the lower cut off for the probability density function p(s)). The profiles for 
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Figure 2: five profiles generated with E /0=1000. The profiles correspond to different strains 
from 0./to 10 % plastic strain. 
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If we now subject these profiles to the variable-bandwidth method we can check whether 
there is some scaling of the rms and determine a scaling exponent C. Figure 3 shows the 
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Figure 3: The results of the nits-variable bandwidth analysis of the five profiles shown in Fig.2. 
For all profiles the rms increases with growing window size. For small windows the slope is best 
described by a line of slope 0.8 while for larger windows this slope changes to 0.5. The point 
where this change takes places is moving towards lower window sizes for larger strains. 
The rrns of the generated profiles shows scale-free behaviour. Instead of a single scaling 
exponent, though, we find one for large windows of =0.5 and one for small windows of 
=0.8. In addition the region where the slope changes is moving towards smaller 
window sizes for increasing strain. The exponent of =0.5 at larger window sizes can be 
interpreted as the effect of the cut off in the step height distribution. This cut off 
introduces a finite variance to the distribution and accordingly if enough values are 
drawn and evaluated their sum tends towards a Gaussian distribution. Steps with a 
Gaussian distribution randomly distributed on the surface form a random walk which 
has a roughness exponent of =0.5. This effect is only visible if many values are 
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evaluated, hence, only shows up for either large profiles or large strains. The exponent 
(=0.8 here is not associated with a self-affine surface but stems from the power-law 
distributed surface steps. This illustrates that we have to be careful when interpreting 
results from this analysis in terms of correlation or anti-correlation, as would be possible 
for a self-affine surface pattern. We first have to check whether the surface really is self -
affine or the step-distribution function is introducing the scaling. This is possible by 
using the property of statistical invariance which a self-affine profile has to posses by 
definition, through evaluating higher moments of the correlation function C(x,q). As 
mentioned above (2.2.3) this puts larger emphasis on the large steps described by the 
heavy tail of the Levy distribution. The results of this analysis for the five generated 
profiles and for 1q4 have been plotted in Figure 4. 
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Figure 4: Multi-scaling analysis. The five profiles show a q-dependent exponent for low L and 
an independent one for larger L The point of "convergence" of the lines moves towards smaller 
Lfor larger strains. 
Here we can see the cross-over from Levy-controlled behaviour to Brownian motion 
(self-affine behaviour) more clearly. For all strains we see a similar picture, at low 
separation distances L the exponent is dependent on q and with increasing q the 
exponent becomes smaller. This is the effect of the large steps contained in the power-
law tail of the step-height distribution functions we chose (2.6). As we go to larger L the 
data for different q start to converge to a single slope. This indicates self-affine 





profiles of a cross over to self-affine behaviour for a large number of steps due to the 
central limit theorem. Also in analogy to the rms-analysis we can observe that the region 
where the different slopes converge moves to lower and lower L-values with increasing 
strain. This is due to the larger amount of steps on the crystal surface, so we need to 
cover less surface to have a sufficient amount of steps to approach Gaussian behaviour 
with our truncated Levy-distribution. 
In a next step we will try to recover the step-distribution from which we drew the steps 
for our generated profiles. In order to do so we use logarithmic binning detailed in 
section 2.2.1. Figure 5 shows the results for the five profiles plotting the probability 
density function of the step height p(s) against the step height s. 
32 
Chapter 2 	 Mathematical concepts 
	
10000 	 • strain=0.1% 110000 	. 	 . St1ifl0.5% 1 
1000 	 1000 
U 	•• 





• 	Islope-1.5 	 10 	
.. 	
jsIope-1.5 
E 	 .• 	 1 
0.1 
U,  
-15 	0.1 .. 	 0.01 	 S 
001 	 - 	 1E-3 
U U 
1E-3 . I E-4 
1E4 	1E-3 	0.01 	0.1 	1 	10 	 1E4 	1E-3 	001 	0.1 	1 	10 
stepheight s [pm] stepheight $ [pm] 
10000 	 • strainl% I 
1000 	 I • sin=5% 
1000 	[slope -1 .5  
100 	
100 	 I slope  -1.41 
z 	10 	... 	•. 	 10 	•_ 	 •: 
• U_U. 	 US . 	Sc 	• 
E 1 	 •_ 1 	 c 
0.1 	 U _U . 	 0.1 	 •.5 
' 	0.01 	 U 0.01 
1E-3 
1E-3 
1E-4 . . 
1E-3 	0.01 	0.1 	1 	10 	 1E-3 	001 	0.1 	1 	10 
stepheight s [pm] stepheight s [pm] 
100 	slope -1.3 	 I 	strainiJ 
S 




IE-3 	0.01 	0.1 	1 	10 
stepheight s [pm] 
Figure 5: the logarithmic binning of the surface steps recovers the exponent of r= -1. 5for lower 
strains, while for larger strains the exponent is being underestimated. The cut off becomes more 
pronounced for larger strains. 
Looking at the lower strains (0.1-1% strain) in Figure 5 we can see that we recover the 
power law we put in with v=-l.5. However, for higher strains t appears to assume 
smaller values. This can be attributed to a superposition of events (steps) on our profiles. 
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If two steps drawn from our step height distribution are by chance placed in the same 
position then the result is a larger step instead of two smaller ones. Accordingly for 
larger strains where more steps are placed on the surface and superposition of these 
becomes more probable we observe redistribution from small to large events. We end up 
with "too many" large steps and "not enough" small ones and hence a slope higher then 
the expected r=-1 .5. 
The picture we find for the height distribution of the negative steps on the surface 
(created by the slip terraces) is different from the one described above (Figure 6). 
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1000 astraino.1% Ru 100 ••us 
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10 1 strain-1% 
- 10 1 u•a. 	•u < 1 <S •. 0 
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• E 	0.1 • S 	•••UUS. 	 a 
u U.. 
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1E.3 a 	• 	- strain5% 
1E-4 IE-4 strainj 
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stepheight S [pm] stepheight $ [pm] 
Figure 6: the analysis of the surface terraces of the five profiles shows a peak at a certain 
terrace height and exponential decay for large heights 
We can see characteristic heights emerging for the distribution of step heights (peaks in 
the density distribution function p(s)) which end in an exponential decay towards large 
step heights. The general trend is towards larger steps with increasing strain. Only the 
profile for 1% strain shows a different behaviour. This seems to be connected to the 
moving of the observed peak in the distribution, as the distributions for higher strains (5 
and 10%) have their peak at larger step sizes compared to lower strains. The profile for 
1% strain, though, displays both peaks. 
In order to check whether the behaviour observed for the slip-terraces stems from our 
step height distribution (2.6) we generated profiles in analogy to the ones described 
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above, but instead of a step distribution we only used steps of one height. The resulting 
probability density functions for the slip terraces for a different number of events (steps) 
can be seen in Figure 7. We can observe the same behaviour as for the profiles generated 
with a step distribution function, namely that characteristic peaks emerge and the 
exponential decay towards large step sizes. Accordingly this behaviour seems to be 
inherent to the process and does not emerge from our step-distribution function. 
1000000 	 • 246 steps 	Figure 7: 
100000 	
• 5900 steps The terraces produced 
—.-60716 steps  
with a uniform step 
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10 	 distribution as found 
0.. 	 . 	 • • 	 for the complex step 
in 	height 	distribution 
0.1 . I I 
I E-5 	1 E-4 	1 E-3 	 used to generate our 
stepheight s [pm] 	 profiles. 
2.3.2 Advanced profiles 
For real materials the ratio E/€ is not constant at the onset of plastic deformation. 
Instead hardening is much stronger for a narrow strain region close to the yield stress 
and accordingly the ratio E/i9 smaller. In order to account for this we adjusted the code 
for profile generation. The ratio E/€) is set to start off at a much lower value of E/6)=1 
and grow towards the original value of E16= 1000 within a preset strain interval e 5=O. 1% 
plastic strain. The convergence towards E/E 1000 is shown in Figure 8. 
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low initial value to its 
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The step height distribution function is recalculated every 0.01% of plastic strain. A 
lower E/0-ratio leads to lower cut offs in the step height distribution function (see also 
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Figure 9: Profiles generated with a initially increasing E16 ratio corresponding to 0.5, 1 and 
5% plastic strain 
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The results for rms-variable bandwidth method and multi-scaling analysis can be seen in 
Figure 10 and 11 respectively. We can see that the results for these are in line with the 
ones observed for our simpler profiles discussed in section 2.3.1. Again we see the 
cross-over to a random walk manifesting itself in a change in slope in the rms-diagrams. 
Figure 	10: 	rms-variable 
10 slope 0.5 	• 	bandwidth analysis. The initial 
• 
U 
• 	slope is with 0.7 lower than . 	. 
	
1 	 I 	• a slope 0.7 • 	I 
___________ • • • 	
observed for the profiles in the 
U 	 U 	 • 
a • • 
U 	 previous section. The same cross 
- 0.1 	 U 	 U 
cl) 	 • . 	 over to 0.5 can be observed. The 
E . 	• I • 	- 	 i • 	5% strain I I curve 	for 	0.5% 	plastic 
0.01 	• I • 	1% strain i 
I I • • 	 i • 0.5% strain deformation has its deflection 
a 
1 E-3 	
point at a lower value than the 
1 	10 	100 	1000 	10000 larger strains due to the initial 
window size [pm] 
changeability of p(s). 
We also see a converging of the slopes for different moments of the correlation function 
C(L,q) as observed above. One difference here is that the lower cut off values and the 
subsequent creation of less large steps on the profiles lead to a less pronounced fanning 
out of the curves for the lowest strain shown in Figure 11. This effect is also visible in 
the Figure 10 as the deflection point for the lowest strain value is actually lower than for 
the higher strain values. Another difference we can observe is that the roughness 
exponent in the rms-diagrams (Figure 10) for smaller window sizes has changed from 
=0.8 to a value of =0.7. The deflection point in the diagram at which the slope changes 
from =0.7 to C=0.5 moves towards lower window sizes for the lowest strain shown 
(0.5% plastic strain). This is the effect of the lower cut off value in the distribution 
function which is much more visible for this low strain as the final distribution has had 
only little "time" to recover from the steps created at lower strains. 
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Figure 11: The multi scaling analysis for the profiles shown in Figure 9 is in line with the 
observations of the variable bandwidth analysis. A cross over from multi scaling to self-affine 
behaviour can be seen manifesting itself in a convergence of the slopes for different moments of 
the correlation function C(L,q). The lowest strain has a less pronounced fanning out at low L-
values due to the large amount of small steps created in the beginning of profile generation. 
For the step height distribution determined by logarithmic binning we can observe the 
effect of the lower cut off heights present at lower strains (see Figure 12) even more 
strongly. Instead of the expected exponent of 1=1.5 we find distinctively higher values. 
This effect disappears for the largest strain of 5% shown here. The apparent change of 
exponent for low plastic strains can be attributed to the large number of small steps 
created in the beginning of profile generation when the cut off height is relatively low 
due to the low E/6-ratio. In comparison to a distribution with a fixed E/t9-ratio we then 
end up with too many small steps and hence an exponent that is too high as this can be 
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seen as a redistribution from large to small steps. The effect of the change in E/e-ratio at 
the beginning of profile generation is still visible for a few strain increments after 
reaching the final cut off for the height distribution function. However, after the final cut 
off has been used for a sufficient number of deformation steps the surface steps created 
at the start of the profile generation become statistically insignificant and a value around 
the expected value of r---l.5 is reached. For the largest strain value of 5%, though, the 
exponent takes on values lower than v=-1.5 due to event superposition. 
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Figure 12: The step height distribution functions recovered from the profiles in Figure 9 by 
logarithmic binning are shown. At low strains the large amount of small steps created by the low 
initial E/e-ratio leads to an overestimation of t Only at larger strains does the 
distribution "recover" from these and takes on a value close to the expected r=1.5, but 
the largest strain already shows the effects of event superposition leading to an 
underestimation oft. 
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2.3.3 Advanced profiles II 
In a final modification to our profile generation program we change from a random step 
placement to one considering the local strain. To start with we generate our empty boxes 
as described above but assign a small random strain to every single one of them 
averaging to zero over the whole profile and in magnitude smaller than the smallest 
possible step drawn from our distribution. Then every step drawn from our step height 
distribution function is placed in the box containing the least strain. This is in analogy to 
real materials where a strain burst is more likely to occur in less hardened (e.g. less 
deformed) regions of the material. Figure 13 shows three profiles generated in this way 
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Figure 13: Profiles generated with the same changeable step height distribution described in the 
previous section, but with steps being placed at the position of the lowest local strain. 
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We then subject the profiles to the same methods described above and the results for rms 
and multi-scaling analysis can be seen in Figure 14 and 15. The rms-analysis yields 
similar results as we saw for the "advanced" profiles. 
slope 0.5 Figure 	14: 	r,ns-variable 
10 ' S bandwidth 	analysis. 	The 
S 
results are in line with the I slope o.j A £ A 
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IE-3 one observed for 1% plastic 
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window size [pm] strain due to the lower cut off 
The deflection point at which the slope changes from 0.7 to 0.5 moves towards lower 
window sizes for larger strains. However, the profile corresponding to 0.5% deformation 
again behaves slightly different with the deflection point being lower than for the higher 
strains. This is although the steps are not placed randomly, however instead the strain for 
every box is random to start with. Effectively the first steps are, thus, placed randomly 
and only after every box has been receiving at least one step drawn from the step height 
distribution function does the change in step placement show effect. The multi-scaling 
analysis does not differ greatly either, showing a similar transition from multiscaling to 
self-affinity as we saw before. Only as for the rms analysis we see a lower deflection 
point for the lowest strain compared to the higher strains. Similar behaviour can be seen 
for the convergence point for 0.5% plastic strain which appears at lower values of the 
window size than for 1% of plastic deformation. Again this is the consequence of the 
lower cut offs present in the beginning of the profile generation process. 
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Figure 15: The multi-scaling analysis shows the same picture as seen in the last section, with a 
low convergence point for the lowest strain due to the lower cut off value in the early stage of 
profile generation. 
The step height distribution functions recovered from the generated profiles (Figure 15) 
behave very similar to the "advanced" profiles discussed in the previous section. The 
large amount of too small steps created in the beginning of step generation leads to a too 
high value for the exponent for the lower strains and only at large strains does the 
exponent get close to the expected value of r--1.5. The difference in step placements 
does not seem to significantly alter the results for our analysis. Although step 
superposition should be less likely to occur, this appears to not be of great relevance for 
the strains shown here. 
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Figure 16: The step height distributions deducted from the profiles shown in Figure 13 again 
shows the effect of the changing of the cut off value in the step height distribution used for 
generating the profile. For low strains the found exponent is too high. At the highest strain 
shown here the exponent deductible from the analysis gets close to the real value of T=1.5, 
2.3.4 Effects of a characteristic step height and step width on the 
scaling analysis 
To assess the effect of a characteristic step height (as observed for irradiated LiF, see 
Chapter 6) we performed an additional simulation where both step heights and step 
spacings (slip terrace widths) are drawn independently from exponential distributions of 
the type: 
y(x) = Aexp(xIx 0 ), 
	 (2.8) 
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where xO is a characteristic scale and [3 the shape parameter of the function. The resulting 
profiles and respective multiscaling analysis are shown in Figure 17 where a 
characteristic step height of 0.2 pm and a plastic strain of 0.5% (characteristic step 
spacing 40 tm) were assumed. 
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Figure 17: Profile made up of Weibull distributed steps the corresponding rms-variable 
bandwidth analysis and multi-scaling analysis. 
In this case we observe an apparent roughness exponent of 0.7 which is quite close to the 
exponents determined previously. The similarity of roughness exponents determined 
from surfaces with Weibull and truncated Levy distributed steps indicates that the 
analysis of the global surface morphology in terms of the roughness exponent may not 
be a sensitive tool for distinguishing these different types of behaviour. 
But also the sensitivity of the multi-scaling analysis is not always ensured. We modified 
the program to create steps which, rather than abruptly, decay over a certain 
characteristic width which is significantly less than the step spacing ("smeared out 
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steps"). This may not be an unreasonable assumption in view of the fact that even an 
atomically sharp step is, in an experimental profile, convoluted with the instrument 
resolution function and therefore acquires a finite width. Results of this analysis are 
shown in Figure 18. For the same parameters as Figure 17 but with a characteristic step 
width of 5 microns we get a similar value of the roughness exponent, but now the multi-
scaling has disappeared: The smearing out of the steps results in the loss of the q-
dependence of the height-height correlations function C(L,q). This is a quite interesting 
observation in view of claims in the literature that multi-scaling analysis can detect the 
influence of sharp steps in profiles. Our little simulation indicates that this may be true 
only if the steps are on the scale of the elementary step width of the dataset, but that 
even a slight 'smearing out' of the steps may obliterate this effect and suggest self-affine 
scaling instead. 
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Figure 18: Smeared out steps. A profile made up of Weibull distributed smeared out steps and 
the corresponding multi-scaling analysis are shown. Smeared out steps do not lead to the 
observation of multiscaling. 
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3. Experimental methods and investigated materials 
In this chapter we will introduce our experimental procedure. In our experiments we 
deform alkali halide single crystals in compression to then measure their surface 
morphology/step distribution using different metrology techniques. In section 3.1 we 
first review some basic properties of the two investigated materials, potassium chloride 
(KC1) and lithium fluoride (LiF). The focus here will lie on their behaviour during 
plastic deformation. Then, in section 3.2, we provide a detailed description of our 
experimental procedure including sample preparation, deformation and surface 
topography measurements, as well as a description of the selective etching experiments 
performed on KC1. Eventually in section 3.3 we give a detailed description of the 
instruments and methods used in this study and their working principles. 
3. 1.KCI and LIF- A review of materials propteries 
Both potassium chloride (KCI) and lithium fluoride (LiF) are ionic materials of the 
Alkali halide family and crystallise in the rock salt crystal structure. Their mechanical 
behaviour is very similar. Accordingly, we will introduce their mechanical properties in 
the following together and point out differences between the two materials where 
necessary. We will conclude with a short section on chemical properties important for 
our work. 
3.1.1 Crystal structure and primary glide systems 
The rock salt crystal structure can be described as a face centred cubic (fcc) lattice 
formed by the positive ions with the negative ions sitting in all the octahedral 
coordinated interstitial sites of the lattice, or equivalently as two interpenetrating fcc 
lattices of positive and negative ions (Figure Ia). The primary slip systems for KCI and 
LiF are of the <1-1O>{ 1 10} type (Figure ib). 
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Figure 1: a) Schematic representation of the rocksalt crystal structure with anions shown as 
white circles and canons as solid circles(taken from 135]).  b) Schematic of dislocation glide in 
the rocksalt crystal structure. Six possible Burgers vectors are shown for the six primary slip 
systems are shown together with an example for a secondary slip system ((11 J)F). 
The length of the Burgers vector in the case of LiF is b=2.85A while KCI has slightly 
larger burgers vector of b=4.45A [34] for this glide system. Secondary glide systems of 
type <1-10>{001} and <1-10>{ 111) exist but are much harder to activate (e.g. for NaCl 
at room temperature three times the resolved shear stress is needed [35]). In our 
experiments the orientation of the deformation samples (see below) is very unfavourable 
for the activation of these secondary glide systems. Single crystals of both materials are 
very ductile and can be deformed in compression at room temperature to large strains. 
3.1.2 Cleavage 
Both materials cleave readily along the 100) planes. Inter ionic forces between these 
planes are weaker compared to other low index planes, as they are more widely spaced 
and the surface energy of these electrically neutral planes is low [35]. Hence, the 
cleavage crack proceeds along these favourable planes. During cleavage the crack can 
transfer to neighbouring atomic planes leaving behind small steps on the cleavage 
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height of several pm. However, apart from these steps cleavage surfaces are atomically 
flat which makes them very interesting for surface investigations. 
3.1.3 Deformation behaviour 
In compression stress/strain graphs recorded for AH-single crystals are remarkably 
similar to the ones found for single crystalline fcc metals like copper. A schematic 
stress/strain graph is shown in Figure 2. In parallel to fcc metals the stress/strain curve 
can be divided into three stages as indicated in Figure 2. 
Figure 2: Schematic stress strain 
graph for an alkali halide single 
crystal. The deformation curve 
can be divided into three stages. 
Stage I showing linear 
hardening at a small rate, Stage 
II with increased hardening due 
to dislocation/dislocation 
interactions and Stage lii where 
the hardening rate decreases 
In Stage I no or low linear hardening is observed. In crystals with generic (single-slip) 
orientation, usually only one glide system becomes activated during this stage, and 
plastic deformation is concentrated in narrow regions of the crystal called slip bands (see 
Figure 3a). After their formation these slip bands start to broaden possibly through 
double cross-slip of screw dislocations [34]. Screw dislocations unlike edge dislocations 
have the ability to leave their slip plane by cross slip [36]. The area where dislocations 
move and plastic slip is increasing is limited to a narrow region on the edges of the 
formed slip bands. This explains the low hardening observed during stage I deformation, 
as only new material with low dislocation density is deformed and, accordingly, 
dislocation-dislocation interactions (the main cause of work-hardening) are limited. 
However, in the highly symmetric <100> orientation (which is of particular importance 
for the present work) already in Stage I more than one slip system can become activated 
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(see below section 3.2.2). Once the dislocation density in the crystal has grown 
sufficiently the material enters stage II of the deformation. In Stage II, dislocation-
dislocation interactions start to govern the deformation behaviour. So called orthogonal 
slip systems become activated. Orthogonal slip systems are the slip systems which are 
orthogonal to the initial slip system, e.g. if first the system [110](1 10) has been activated 
the orthogonal one is the [-110]( -110). The mobile dislocations of the second slip system 
have to cut through the dislocation forest created by the first slip system and vice versa, 
and an increased hardening rate is observed as a consequence. In Stage III a decreased 
hardening rate is observed as dislocation densities are so high that annihilation of 
dislocations is taking place slowing down hardening. 
Of special interest for us are the steps caused by the activation of the slip systems. 
Figure 3 shows a single dislocation loop expanding on one of the primary slip systems 
(e.g. the [110]( -110)) in a <100> oriented sample where all surfaces are also <100> 
oriented. This specific orientation is the one obtained when samples are prepared by 
cleavage. The dislocation loop has screw character (b lit) on the top face and edge 
character (b-t) on the side face. Where the dislocation has screw character it drags 
behind it a surface step, while it leaves no permanent trace on the side where is has edge 
character. 
 
Figure 3: Schematic of a 
dislocation loop expanding on a 
primary slip system in a 100 
oriented crystal. On the surface 
where the dislocation has screw 
character, it is dragging a surface 
step as the loop expands, while in 
the edge character side no trace is 
left. 
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3.1.4 Effect of irradiation 
By X-ray irradiation monoatomic defects can be introduced into the crystalline structure 
of AH. Single vacancies and interstitial atoms are formed by knocking atoms from their 
position in the lattice structure (Schottky defects). Vacancies can agglomerate to form 
clusters and interstitial atoms, single vacancies as well as clusters act as obstacles for 
dislocation motion [34]. Vacancies in ionic crystals are associated with a charge and 
electrons getting trapped in such vacancies can be lifted to higher states of energy by 
visible light. This leads to so called colour-centers. Single vacancies then form vacancy 
clusters of varying sizes. Every AH containing vacancies can be associated with a 
certain colour. Figure 4 shows an irradiated LiF crystal (yellow crystal) next to an un-
irradiated one (clear crystal). Exposure to white light slowly heals some of the defects 
introduced into the crystals. However, while this is a rather fast process for KC1 (days), 
defects introduced into LiF are fairly stable. 
 
Figure 4. An un-irradiated LiE 
crystal (clear) is shown next to 
one that has been irradiated 
(yellow). The defects created by 
irradiation are charged and can 
trap electrons excitable in the 
range of visible light, resulting 
in the colour change visible 
here. The grid visible is made up 
of lxlcm squares. 
As mentioned above, dislocations interact with these defects and a considerable increase 
in the yield stress can be observed (for LiF in our experiments roughly a factor of 10). 
Moving dislocations can absorb both vacancies and vacancy clusters and therefore 
remove the irradiation damage along their slip path. For an overview of dislocation 
interactions with colour centers and the formation of colour centers see [34, 37]. The 
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absorption of colour centers and irradiation debris (dislocation loops left behind after 
irradiation) by passing dislocations may lead to strain-softening of the material and 
macroscopic localisation of slip in these 'healed' regions [381. 
3.1.5 Chemical properties 
One very important property of the two materials is their solubility in water, which can 
be a problem for surface measurements on these materials as already small amounts of 
water can lead to significant surface damage of samples. Both materials are soluble in 
water, but to different degrees. KC1 dissolves easily in water (34g/100cm 3 at 20°C), 
while LiF shows a much higher resistance (0.27g1100g at 18°C). All alkali halides (AH) 
form clear, odourless crystals, which can make it difficult to distinguish between them. 
One easy way of doing so is by their taste. While NaC1 has a very salty taste, KC1 tastes 
bitter and LiF is tasteless due to its very low water solubility. 
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3.2 Experimental procedure 
In our experiments we deform single crystals of KCI and LiF in compression on a 
standard Instron tensile testing machine. The deformation was done in steps ranging 
from 0.5 to several percent of plastic deformation, between which the specimen was 
unloaded and removed from the machine. Before deformation and after every 
deformation step, surface maps were recorded using atomic force microscopy and 
scanning white light interferometry. Combining these two metrology techniques gave 
excellent spatial resolution (AFM theoretical limit about 20nm with conventional tips) as 
well as allowing for large areas to be measured (areas measured with SWLI about 
1.7mm long). After every step the same sample was deformed further and new maps 
were recorded to monitor the surface evolution. The procedure was repeated until the 
sample failed or became too distorted to be measured with the metrology methods 
available. We divide our discussion of the experimental procedures into five parts, 
namely: 
3.2.0 General remarks 
3.2.1 Sample preparation 
3.2.2 Sample deformation 
3.2.3 Surface topography measurements 
3.2.4 Profile extraction 
3.2.5 Selective etching 
3.2.0 General remarks 
Great care was taken when handling the samples. Powder free gloves were used 
whenever handling the samples to avoid any contamination and to keep the surfaces to 
be measured as clean as possible. To this end samples were also kept under vacuum 
whenever possible to avoid contamination of the surfaces with dust particles. This was 
especially important as one and the same sample could be measured over several days 
with actual measuring times adding up to 20h not considering set up time and calibration 
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of measuring equipment or transportation between instruments. This issue was 
exacerbated by the hydroscopic nature of the salt crystals, and damage by humidity 
could only be avoided by keeping samples strictly in desiccators containing silica gel to 
remove humidity whenever evacuation was not possible. 
3.2.1. Sample preparation 
The deformation samples were cleaved from large optical grade single crystals. In the 
case of KCI these crystals were bought from Amcrys-H limited (Ukrain), while 
irradiated and un-irradiated LiP crystals were obtained from Saint-Gobain (France). 
Figure 5 shows one of the large KCI single crystals (50x50x50 mm 3) next to a sample 
prepared for compression (about 4x4x20 mm 3 ). 
Figure 5: Large crystal next to 
a finished compression sample 
made by cleavage. The large 
crystal shows some damage 
from the initial cleavage step. 
Squares are lxlcm. 
Cleavage is achieved by initiating and driving a crack through the crystal along the 100 
plane. The aim during this process is to achieve flat clean surfaces while minimising 
damage to the crystal. Especially plastic deformation of the crystals and damage to the 
cleavage surface, have to be avoided. The best results are achieved when crystals are 
cleaved as to bisect the crystal. This becomes more difficult with decreasing crystal size. 
Samples were prepared to sizes between 4x4x20 mm  and 2x2x14 mm 3 . For later 
compression testing the faces in contact with the tensile testing machine have to be as 
flat as possible to allow for a homogeneous stress field during deformation. 
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Initial cleavage steps 
When cleaving very large crystals a small hammer and steel chisel are used. The chisel 
has to be very sharp and should have an opening angle of about 300.  The crystals 
themselves have to be placed on a hard flat surface to obtain good results. In our 
experiments we used a thick aluminium sheet on a thin layer of polymer foam. The 
chisel is then placed with its tip pointing along the prospective cleavage plane and 
tapped lightly but sharply. The actual force needed depends on the size and mechanical 
properties of the crystal to be cleaved. After using the chisel a few times it has to be re-
sharpened using for example fine grained silicon carbide paper. 
Final steps 
For smaller crystals it is advantageous to use a sharp scalpel instead of a chisel. The 
exact point when to change between chisel and scalpel depends on the mechanical 
properties of the crystal and preference of the experimentalist, but a crystal size of about 
lOx lOxX mm can be used as a guide line. As before the scalpel is positioned along the 
prospective cleavage plane and tapped sharply to propagate a crack through the crystal. 
If the scalpel is not positioned accurately as to bisect the crystal, usually one or both of 
the resulting crystals become heavily deformed and great care has to be taken about this 
point. Once the desired diameter is reached, the ends of the crystal are cleaved off to 
ensure the flat surfaces necessary for later compression testing. To this end best results 
were achieved using a slightly less sharp Stanley knife. In a final step the finished 
samples were checked for deformation under the microscope using cross polarised light. 
This is possible due to the birefringence caused by the strain field of the dislocations (for 
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Figure . Cicavcige /'IH 	 il thelir.st steps i chisel ts iocd . hile later i scalpel ,'ivc.c better 
results. The prospective cleavage plane has to bisect the crystal to avoid deformation of the 
samples. In a final step a less sharp Stanley knife is used to ensure the flat ends needed for 
compression testing. 
Finished sample 
A sample produced in the above manner can only be <100> oriented with all faces being 
{ l00} planes. This is the result of the { l00} planes being cleavage planes. This has 
important consequences for the deformation behaviour of the samples which will be 
discussed in the next section. 
3.2.2 Sample deformation 
The samples were deformed in compression on an Instron 3360 tensile testing machine 
(see section 3.3). The tensile tester was operated in strain control, meaning that strain 
was increased with a fixed rate given by the cross head motion of the machine. In all our 
experiments the extension rate (the crosshead speed) was fixed to 2x 
10-3  mm/s. The 
strain rate depends then on the exact length of the specimen. In our experiments samples 
were between 14mm and 25mm long, resulting in initial strain rates of about 
104  sec". 
55 
Chapter 3 	 Experimental methods and investigated materials 
During the test the strain rate is slightly increasing as the sample is shortening. The 
initial dimensions of the samples were determined using a micrometer screw with a 
reading precision of about 0.1 .tm. As a result of the specific orientation of the samples 
(see above) the four primary slip systems in the sample see the same resolved shear 
stress T. During the initial stages of plastic deformation three different possibilities of 
slip activation are then plausible in our samples: 
only one slip system becomes activated during Stage I 
two orthogonal slip systems become activated in different parts of the samples 
during Stage I 
more than two slip systems become active in Stage I 
These three possibilities are shown in Figure 7. We can see that while possibility a) and 
b) result in steps on only two (opposed) sides of the samples, possibility c) results in 
steps on all four sides. 
a) 	b) 	I c) 	Figure 7: The three basic possibilities 
or 
	
for initial slip system activation (stage 
1) are shown: 
single slip 
multiple slip (orthogonal slip 
0000 	 systems) 
oblique slip systems creating 
steps on two sides of the sample 
In practice, possibility c) results in a segmentation of the sample into blocks with one set 
of slip systems operating in each block. The slip systems interact in the boundary region 
between the two areas and the steps on both sides of the sample would have to be 
monitored in order to describe this region accurately. Unless one of the areas was very 
small and contained within one of the ends of the sample, which have to be disregarded 
for surface measurements anyway (see below), such samples were discarded. The only 
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exception being made for irradiated LiF where one sample deforming according to 
possibility c) was measured. Otherwise, only samples deforming according to possibility 
a) and b) where investigated, with possibility b) being by far the most frequently 
observed one. 
As mentioned in the introduction to this chapter, samples were deformed, their surface 
mapped and then the same samples were deformed again. After each of these 
deformation steps, images were recorded in cross-polarised light. This allowed to 
roughly asses the internal deformation state of the sample, as the strain field of 
dislocations causes the material in their vicinity to become birefringent, leading to a 
twisting of the axis of polarised light passing through the crystal (see section 3.3). For 
example, slip bands of high dislocation density show up as bright lines under cross 
polarised light in an appropriate microscope set-up, allowing the determination of the 
number of slip active systems during the deformation process. This was especially 
important during the initial stages of deformation as samples deforming through more 
than two active slip systems (according to possibility c)) could be discarded. 
3.2.3 Surface topography 
The surface topography was mapped with two different techniques. The first one, 
scanning white light interferometry (SWLI), can be used to image larger areas and has 
excellent height resolution (-0.3nm) but is lacking in spatial resolution (-0.5tm). The 
second, atomic force microscopy (AFM), has both a very good height resolution as well 
as excellent spatial resolution. The techniques themselves and the equipment used in our 
experiments are described in section 3.3. Here we will mainly concentrate on the actual 
procedure of the experiment. 
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SWLI 
Before the first deformation step, the samples were inspected using a low magnification 
lens (2.5x magnification) capable of imaging very large areas (2.8x2.1 mm, 2). Specific 
locations on the samples were chosen for later surface morphology investigation. These 
areas were picked so as to contain a minimum number of cleavage steps and had to have 
a distance from the sample ends of at least 1 .5x the largest dimension of the end faces. 
(The regions close to the ends of the sample have to be considered compromised by the 
inhomogeneous strain field caused by friction between sample and tensile testing 
machine and have to be avoided for surface measurements.) On each of two orthogonal 
faces of the sample, two to three areas were chosen for later measurements. The two 
faces containing measurement sites were marked and contact with them was avoided. 
Next the lens was changed to one with a 40x magnification. The SWLI is equipped with 
a motor controlled precision stage and this was used to determine the coordinates of the 
chosen areas relative to one of the corners of the sample. This in combination with 
topological details, like large cleavage steps, allowed the relatively precise localisation 
of the same areas after every deformation step. 
The actual measurements were taken using the same high magnification lens as it 
allowed for a lateral resolution of about 0.5tm and a height resolution of below 0.4nm. 
The SWLI allows for several measurements of areas adjacent to each other to be joined 
together in one large surface map. Using this facility, stripes of about 1.720.13 mm 2 
were measured on the samples after every deformation step. The exceptional height 
resolution is only given if the maximum height difference of the measured area does not 
exceed lOOjim including tilt and macroscopic bending of the sample. Beyond that the 
system has to be switched from its high precision piezo drive to stepper motors whose 
height resolution is not sufficient for our purposes. This set a limit to the sample 
deformation, as with increasing deformation height differences become larger on the 
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surface and the macroscopic deformation of the sample makes a parallel positioning of 
the sample respective to the lens increasingly difficult. 
AFM 
In addition to SWLI measurements, some of the samples were also mapped using AFM. 
In AFM a sharp tip is used to scan the surface to be investigated and it allows for very 
good height and spatial resolution, but has the disadvantage of being unable to measure 
large areas. In our setup the sample dimensions itself were also restricted by the machine 
to sample lengths of about 17mm and the system was operated in contact mode. In 
contact mode the tip scanning the surface is kept in constant contact with the surface. 
We used triangular shaped NP-20 SiN tips produced by Veeco with gold coated backs as 
they gave us the best results. 
Unlike the SWLI measurements, with AFM no fixed areas were investigated, as there 
was no automated stage available and measured areas were too small to allow for exact 
relocation of previously measured areas. Instead, after every deformation step areas for 
mapping were randomly picked in the central region of the sample. The setup allowed 
looking at the sample through a magnifying lens (lOx magnification) through a window 
on top of the AFM head. This made it possible to avoid large cleavage terraces and 
debris sometimes left from cleavage when choosing areas for mapping. Usually two to 
three areas were picked and then two scans, one of about 150x 150 pm and one of lOx 10 
m, were taken for each area. 
3.2.4 Profile extraction 
Both AFM and SWLI provide 3D surface maps, however, for our analysis we need 2D 
profiles which have to be extracted from these maps. For the SWLI maps this is done 
using the software Metropro 7.3 provided by Lambda Photometrics. It allows for 
sophisticated surface analysis and data manipulation. In terms of data manipulation we 
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limit ourselves to removing a best fit plane from the raw data to allow for any 
sample/lens misalignment and linear drift of the surface height. In the case of the AFM 
measurements, a different routine and software are used. Here the original maps are 
prepared using "The Scanning Probe Image Processor (SPIP)" developed by Image 
Metrology and due to the artefacts introduced by the piezo-crystal of the AFM (see 
below section 3.3.5) a more complex procedure had to be followed. First as for the 
SWLI measurements a best fit plane was removed from the complete map. Then a best 
fit polynomial of 2nd  order is subtracted from every individual line to account for the 
shortening of the piezo-actuator during each line scan. 
After this step the maps of both AFM and SWLI are treated the same. We extract 
profiles perpendicular to the slip lines, remove large steps stemming from cleavage and 
subtract a higher order (3 rd or 4th) best fit polynomial from the profiles. This last step is 
done as we are only interested in the local fluctuations on the surface but not in the 
deformation of the surface due to the macroscopic distortion of the sample. Any drift in 
the data would obscure these local fluctuations and lead to a trivial result for the 
roughness exponent close to unity [30]. This 'trend correction' step is always checked 
by also using polynomials of higher and lower order than the one actually used and 
assuring that this does not appreciably influence the final results. The trend correction is 
exemplary shown for a SWLI profile in Figure 8. The profiles are then analysed using 
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Figure 8:Profile extraction. The process of trend correction is shown on the example of a profile 
extracted from a SWLI surface map: a) the profile as extracted from the surface map containing 
a large cleavage step at ximm and displaying large scale waviness. b) the same profile after 
the cleavage step has been removed.. In addition the red line shows the best fit 4" order 
polynomial to be subtracted from the profile and the equation describing it. c) the profile after 
the subtraction of the polynomial.. 
3.2.5 Selective etching 
The deformation behaviour of KC1 was also investigated by selective etching on 
dedicated samples. In selective etching the emergence points of dislocations on the 
surface of crystals can be revealed by applying an appropriate etchant. This is possible 
as the emergence points posses a slightly higher chemical potential than the surrounding 
undisturbed crystal. The etchant used for our experiments was a saturated solution of 
PbC12 in methanol and for rinsing two mixtures, first pure ethanol and then a 3:1 mixture 
of amyl alcohol and ethanol, were used. As a polishing agent a 1:1 mixture of ethanol 
and water gave good results. 
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Before the first and after every following deformation step, dislocation patterns were 
revealed through selective etching. These patterns were recorded with an optical 
microscope (Zeiss Axioscope 2 MAT). Afterwards the sample was polished to remove 
any etch pits before the next deformation step. 
Great care had to be taken with both etchant and rinsing solution, as already small 
contaminations with water can lead to very shallow and undistinguishable etch pits. 
Accordingly, all solutions were prepared from fresh chemicals, as ethanol tends to take 
up water when exposed to the atmosphere. In addition the solution of salt in the etching 
and rinsing solution influences the etch pit quality. Accordingly, these where replaced 
by new ones every 3-4 deformation steps. 
Etch and polishing times were short with the above solutions and submerging the sample 
for 1-5 seconds depending on dislocation concentration was sufficient. Longer exposures 
to the etchant result in larger etch pits and for higher dislocation densities it becomes 
difficult to distinguish between dislocations, hence, shorter times had to be used for 
higher dislocation densities. 
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3.3 Instrumentation and techniques 
3.3.1 Tensile testing 
All experiments were performed on an Instron 3360 standard testing machine (Figure 
9a) operated in strain control. The crosshead of the machine is moved by a high 
precision screw drive. The actually measured quantities are time and force. Time can 
then be translated into a machine extension. The imposed extension can be used to get 
an approximation of the strain in the sample if the sample dimensions are known: 
(1.1) 
1 
Here e is the strain and 1 the length of the sample. This strain value is biased by the 
machine stiffness. 
The force was measured by a load cell attached to the crosshead of the machine. The 
recorded force can then by using the sample cross-section area A be used to calculate the 
stress a in the sample. 
0 =-. 
A 
The load cell contains four strain gauges that are assembled in a full bridge, which 
makes it insensitive to temperature variations. Before every session the cell was 
calibrated using the automatic calibration function of the machine. All our experiments 
were done in compression with the two stamps depicted in Figure 9b transmitting the 
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direction of the axial applied load. The friction between grips and sample creates a 
complicated stress field and in our experiments we only took measurements of areas that 
were at least 1 .5t away from the sample ends, where t is the larger side length of the 
square cross-section area. 
The tensile tester was connected to a PC, recording the data during the measurement and 
calculating the stress and strain values using the previously entered dimensions of the 
samples. The sample dimensions were measured using a micrometer screw with a 
precision of about 0.1 mm. No corrections were made for the change in dimension 
during the test or the analysis. Accordingly the stress and strain values used here are the 
engineering stress and strain rather than true stress and strain. 
Figure 9: Instron tensile lester (Figure 9a) and compression 510/ups (b) used in our experi/ile/its 
are shown with a sample between the stamps. 
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3.3.2 Optical microscopy (Birefringence) 
Taking advantage of the transparency of alkali halide crystals for visible light and the 
phenomenon of stress induced birefringence, it is possible to observe the elastic strain 
fields of slip bands made up of dislocations in LiF and KCI single crystals by optical 
microscopy [1].  In this investigation we used a Zeiss Axioscope 2 MAT (Figure 10) in 
transmission mode equipped with two polarising filters (for schematic assembly see 
Figure 11). The Images were recorded by a high resolution CCD camera mounted on top 
of the microscope. 
Figure 10: The Zeiss Axioscope 2 MAT is 
shown. A digital camera is mounted on top 
of the systems, allowing for images to be 
recorded. The microscope was used for 
A 
sample inspection before and in between 
deformation steps. 
An unstrained salt crystal put between polarizer and analyser has no effect on the 
polarization axis of the light beam passing through it due to the isotropy of the cubic 
crystal lattice. Accordingly, no light passes through the assembly depicted in Figure ha 
as the analyser absorbs any light coming through the polarizer completely (extinction). 
In the vicinity of slip bands containing large arrays of edge dislocations of the same 
sign, however, the crystal lattice is significantly deformed due to the strain field of the 
mo 
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dislocations. The strain field results in a tetragonal lattice deformation with compressive 
stresses on one side and tensile stresses on the other side of the slip band [1].  The optical 
anisotropy of the tetragonal structure results in birefringence: Polarized light passing 
through one of these areas changes its polarization axis and is therefore not completely 
absorbed by the analyser (Figure 1 lb). As a consequence, we see bright lines that 
indicate the strain fields of slip bands. Screw dislocations, on the other hand, do not have 
an asymmetric strain field and do not cause birefringence. Birefringence was used in our 
experiments as a quick way of obtaining information about the internal deformation state 
of the crystals; in particular the question of how many slip systems had been activated 
could be addressed. It was also possible to identify samples containing grain boundaries, 
as these act as strong obstacles for dislocation motion causing pile ups, which become 
visible in cross polarised light. 
Figure 11 (after [1]) 
In absence of dislocations in the 
salt specimen we find total 
extinction of the light beam by the 
analyser. 
In the case of a slip band 
containing an array of edge 
dislocations of the same sign, the 
strain field causes a rotation of the 
axis of the polarised light and 
hence some light passes through 
the analyser. 
One problem in recording birefringence images is the dynamic range (the difference 
between the brightest and darkest spot still being recorded) of the digital camera used. 
Higher dislocation densities in the slip bands increase the amount of transmitted light 
passing the analyser in those regions. In general after every deformation step the light 
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intensity had to be lowered in order to be still able to discern between the different slip 
bands (or alternatively the exposure time of the ccd chip had to be lowered). If this was 
not done very bright slip bands were masking finer ones in their surroundings. An 
example of a too bright image taken at about 8.5% plastic strain is shown in Figure 12. 
On the other hand turning down the light intensity made it impossible to record the 
fainter slip bands and some information is always lost. In our investigations we only use 
the images for qualitative observations, though, making this effect less critical. 
Fi'urc 	12: 	/ii'c ci a 
strongly deformed (-8,5% 
plastic deformation) KCI 
,cqal taken in cross 
j ... larised light. The light 
intensity of the visible slip 
lii irs is strong enough to mask 
any weaker lines present and 
care has to be taken when 
adjusting the light source of 
the microscope. 
3.3.3 Selective dislocation etching of alkali halides 
The emergence points of dislocation lines on the surface of crystals are places of 
preferential dissolution due to their heightened chemical potential [39]. By choosing an 
appropriate solvent it is possible to reveal these emergence points. 
Whether a solvent can be used for selective etching is determined mainly by the ratio 
and time dependence of dissolution speeds close to the dislocation lines. A general 
dissolution of the surface takes place during selective etching with a speed vd.  Important, 
however, is only whether the speed of etching along the dislocation line v, which is 
responsible for the depth of the etch pit, and the speed v ç normal to it which is 
IN 
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responsible for the width of the etch pit, stay constant during the process at a ratio 
v,/v,>-O.1 [39]. Too high speeds of dissolution normal to the dislocation line lead to 
shallow etch pits which are difficult to observe. Figure 13 below shows the different 
dissolution speeds involved in the process. The two dissolution rates v, and v can be 
adjusted by either adding inhibitors to the solvent decreasing v, or varying the 
temperature at which the etching takes place, as both reactions have different activation 
energies. Inhibitors usually get adsorbed at the monoatomic steps lining the etch pits 
thus slowing down the dissolution normal to the dislocation line [39]. 
1Vd 	<vs 
	 VS 	J,Vd  
Dislocation line 
Figure 13 (after[39]): Dissolution speeds in the vicinity of a dislocation line. 
As mentioned above, the core energy of the dislocation is of great importance for the 
effectiveness of the dislocation penetration points as preferential dissolution sites. 
Accordingly, edge and screw dislocations show a different etch behaviour due to their 
difference in core energy with screw dislocations being harder to etch [39]. Dislocations 
emerging on different crystallographic planes also differ in their interaction with etching 
agents [40]. 
Another important step in selective etching is choosing the right rinsing solution. This 
solution has to remove all etchant from the surface of the crystal quickly, stopping the 
dissolution of material. It should also by itself not damage the surface and be reasonably 
easy to remove from the crystal surface after the rinsing. In this context it should be 
mentioned that in the case of KCI and other water soluble crystals the tendency of many 
solvents to pick up water during longer periods of time can be detrimental to the quality 
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of etching results, as already small amounts of water can lead to water marking of the 
surfaces [41].  A considerable amount of research has been devoted to finding suitable 
recipes for selective dislocation etching on KCI (for example [41-431) and a selection is 
listed in Table 1. 
Etchant 	 I Rinsing agent after 
Propionic acid + 1 .75weight% Barium Petrolium ether [411 
(Ethyl alcohol +25%saturated BaBr2)xO.95 
+(Methyl alcohol+1 OOg BaBr2 per liter)xO.5 Ether [42] 
Methanol saturated with PbC1 2 ? 	 - 	 - 	 - [44] 
Table 1: Afew recipes for selective etching Of l(Li ta/cen jrom we tuerwure. 
In our experiments on KCI we used a saturated solution of PbCl 2 in methanol as the 
selective etchant as suggested in [44] and for rinsing two mixtures were used first pure 
ethanol and then a 3:1 mixture of amyl alcohol and ethanol. 
3.3.4 Scanning white light interferometric profilometer (SWLI) 
The profilometer used in our study was an updated Zygo New View 100. This 
iriterferometric profilometer relies on white light interference in which two coherent 
light beams are superimposed onto each other and thus brought to interfere. Depending 
on the phase shift between the two waves, this results in constructive or destructive 
interference. The extreme of destructive interference is complete annihilation of the two 
waves. One advantage of using white light interference is that interference patterns are 
limited to a narrow spatial region, removing the phase ambiguity problem encountered 
in monochromatic interferometers. 
In the profilometer a setup similar to a Michelson or Mireau-interferometer is used. One 
light-beam is split into two by a beam-splitter. One of the partial beams is sent to a very 
plane reference surface, while the other one is sent to the actual surface to be analyzed. 
The light beams are then superimposed onto each other. The topography of the sample-
surface causes a slight difference in terms of traveled path between the two coherent 
We 
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light beams, resulting in a phase shift. As they are superimposed a distinctive fringe 
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Figure 14: Schematic setup of a white light wter!e,ometrlc proiIlometer aflI a piLluic a/ the 
updated Zygo New View 100. 
By scanning the surface in the direction perpendicular to the sample, and recording the 
resulting interference patterns, the exact height of every point scanned can be 
determined using frequency domain analysis (FDA). FDA separates the different 
wavelengths of the white-light source using Fast Fourier Analysis and evaluates the 
fringe patterns for every wavelength. This data is then used to calculate a height map of 
the sample-surface. By using all the information available from white light interference 
and a piezo-electric fixture capable of very precise vertical scans, height resolutions 
better than 0.3 nm can be realized [45. Both control of the hardware and analysis of the 
fringe patterns are done on a PC connected to the SWLI, using software supplied by the 
instrument manufacturer (Metropro vers.7.3). 
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For our setup two different interferometric objectives were available, one with a 
magnification of 2.5x and another having a 40x magnification. The different optical 
resolution of the two objectives makes it advisable to use different resolutions for the 
CCD matching their optical resolution. These camera resolutions determine the spatial 
resolution of the measurements in x-y direction. Images with the 2.5x optics were taken 
in combination with a camera resolution of 640x480 pixels covering an area of 
2.84x2.13 mm resulting with a spatial resolution of 4.4pm. The 40x objective was used 
with a lower camera resolution of 320x240 pixels depicting an area of 131xl74tm 
resulting in a spacial resolution of 0.55tm. The height resolution is not influenced by the 
choice of objective. The achievable resolutions of the different objectives are 
summarized in Table 2. 
Lens 
x-y 
resolution resolution area measured 
25x Michelson 4.4pm -0.3nm 2.84x2.13 mm 
40x Mireau 0.55pm -0.3nm 0.131x0.174 mm 
Table2. Summary of achievable resolutions with the SWL! using different tenses 
In addition to single scans it is also possible to take several scans of adjacent areas and 
join the images into larger surface maps (stitching). To this end the SWLI is equipped 
with an automated stage capable of very precise lateral movement. For stitching, images 
are taken with a certain overlap and then joined by the software controlling the SWLI. 
This allows to record surface maps of very large areas with high resolution. 
For actual measurements it is important to record so called error files to account for the 
imperfection of the reference surface inside the interferometer and possible flaws of the 
lens system in the interferometer. In our case these were taken from a SiC-optical flat 
having an rms roughness of below 0.2nm. In addition the system calibration was 
checked before every session and after every lens change and if necessary the system 
was recalibrated by using a height standard containing a step of 1.75 (±0.025)tm. 
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If stitching was performed, the alignment of the automated stage had to be checked in 
addition by using a sample containing large linear features spanning several of the 
recorded images. For both single scans and stitching several scans were taken of every 
area and an average formed in order to reduce noise in the final data. 
3.3.5. Atomic force microscopy (AFM) 
In force microscopy, the force acting between a sharp tip and a surface is measured. 
Usually the tip is mounted on a small cantilever which can be used to measure the acting 
forces [46]. This is most commonly done by reflecting a laser beam off the back of the 
cantilever into a position sensitive four quadrant photodiode (see Figure 15a). In this 
way, torsion and bending of the cantilever can be recorded, allowing to measure forces 
lower than those typically present between atoms at lattice spacing, hence giving the 
technique its name [46]. Depending on the instrument, either sample or cantilever 
assembly are mounted on a fast and high precision piezo drive, usually in form of a tube 
scanner. Lateral movements Ax can be realized by applying voltages (LIX and U in 
Fig. 1 5b) to the side sections of the tube scanner. This allows for scanning with the tip 
over an area of the sample. Changes in height Al require a voltage U applied to the 
central column of the scanner. A disadvantage of this assembly is that lateral movements 
are always accompanied by shortening of the scanner to a certain degree, introducing an 
error into the measurements. The information from the photodiode is recorded and 
entered into a very fast feedback loop controlling the piezo scanner. For measurements, 
a constant value for a control value is set and maintained by moving the sample closer or 
further from the tip. In the scanning mode used in our work (contact mode) this control 
value is the beam deflection. 
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a) 	 b) 
- 	 - 
four quadrant 
/ L photodiode 	 I laser 	 LU, beam 
/ wi 
cantilever 	 U. 
Figure 15 (taken from[461):  a) laser beam being reflected off the cantilever into a four quadrant 
photodiodeforforce measurement; b) schematic of a tube scanner typically used in atomic force 
microscopy. 
The forces acting between tip/cantilever and surface can be split into two groups, 
repulsive and attractive ones. Repulsive forces can include electrostatic forces, which 
due to their long range nature act not only between tip and surface, but also between 
cantilever and surface. They arise from charges trapped on the surface after sample 
preparation or on the tip in case of nonconductive tips, but can also arise between 
conductive tips and surfaces if they are at a different potential. Also in the category of 
repulsive forces fall the short range chemical interactions between tip and surface which 
become relevant at distances below mm. Short range attractive interactions of a 
chemical nature (chemical bonds) are not relevant in the context of ionic crystal 
surfaces. 
In the group of attractive forces fall capillary and van der Waals forces. Capillary forces 
arise as the contact area of tip and surface can act as a condensation nucleus and the 
resulting meniscus exerts a force onto the tip. Van der Waals forces are short range 
decaying with hr 7 in the range of 5 nm and hr8 beyond that. They are the result of 
fluctuations in the electron distributions around molecules, forming short lifetime 
dipoles which mutually interact, giving rise to an attractive force. 
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As mentioned above in our investigation we used contact mode. Here the force or 
bending of the beam is kept constant and the height changes of the piezo scanner is 
recorded which can then be translated into surface topography. The tip is constantly kept 
in contact with the surface while scanning it, maintaining a balance between attractive 
and repulsive forces. The only forces related directly to topography are the short range 
repulsive forces connected to the physical interaction of tip and surface. The maximal 
achievable spatial resolution of the technique depend on the contact area formed 
between tip and surface. As the attractive forces pull the tip into contact it becomes 
deformed and slightly flattened. In ambient pressure resolutions of 5-10 nm are possible 
[461. 
We used a Digital Instruments Multi Mode AFM in our measurements. This particular 
setup shown in Figure 16 allowed the observation of the sample through a small window 
on top of the AFM head. The system is capable of scans with a maximum size of 
15Ox150tm. The maximum sample rate is 512 data points per line. Accordingly, 
reducing the size of the scan improves the spatial resolution until the theoretical 
resolution is reached. 
1 I•t 
Va. ' 	Al ' ILI 
Figure /f: 1/ ! . iup. Die AFM including sample c/uziiibcr. AFAI head and piezo i.s show/l oil 
the left while the imci'e on the right depicts the AFM head in derail showing the observation 
window. 
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The choice of tip is very important for AFM measurements, as different spring constants 
and torsion stiffness greatly influence the results. Spring constants are influenced by the 
geometry as well as the material used for the tip/cantilever. Furthermore, the material 
used for the tip also influences the forces acting between tip and sample. The size of the 
contact area is also affected by the stiffness of the material used. 
AFM measurements taken with a setup as described above will always suffer to a certain 
degree from artifacts. As mentioned previously, lateral scanning with a tube scanner 
always introduces a slight curvature of the measured surface map. This becomes more 
pronounced for larger scan sizes. In addition, thermal drift and hysteretic behaviour of 
the piezo-actuator have to be accounted for. Thus all AFM images have to go through 
some post treatment using specialized software; we used The Scanning Probe Image 
Processor (SPIP) developed by Image Metrology when extracting profiles for this 
purpose. Images were usually created using WSxM4.0, a software developed by 
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4. Experimental results and analysis: KCI 
In this chapter we present and analyse the results of our experiments on the plastic 
deformation behaviour of KC1 single crystals. The first part of the chapter is mainly 
concerned with the results of our selective etching and birefringence experiments which 
we use to illustrate the deformation behaviour of KCI. The second part then concentrates 
on surface topography measurements taken with AFM and SWLI and their analysis 
using the methods introduced in Chapter 2. 
4.1 Deformation behaviour of KCI: Etch and birefringence 
images 
We explained in Chapter 3 that three different stages can be discerned in the stress-strain 
graph of KCI. Stage I is characterized by low linear hardening and a slow filling of the 
crystal with dislocations through the formation and broadening of slip lines/bands. In 
Stage II the hardening rate increases and hardening is governed by dislocation-
dislocation interaction. Finally in Stage Ill a lowering of the hardening coefficient can 
be observed as dislocations annihilate each other ('dynamic recovery'). The last stage 
could only rarely be observed in our experiments as samples usually failed before any 
appreciable dynamic recovery could be observed. In the following we first illustrate this 
behaviour using etch pit images taken on deformed KCI and then along the same line 
present some birefringence images also taken from deformed KCI single crystals. 
4.1.1 Etch images 
Before deformation 
Figure 1 shows images of the crystal before deformation, every dark spot corresponds to 
a single dislocation line intersecting the crystal surface. We can see the very low initial 
dislocation density in our samples. The visible lines, running from top left to bottom 
right, are cleavage steps. The second set of lines visible in Figure lb corresponds to a 
ii;i 
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sub-grain boundary, of which a few could be found in our crystals. The orientation 
difference on the two sides of the boundary is very small and these kinds of boundaries 
do not pose a significant obstacle to dislocation motion. 
a) D] 
 
200 pm 	 200 tim 
Figure 1: Etch images taken before deformation. Both show the iery low dislocation density 
before deformation. In Figure lb a low angle grain boundary is visible. Both images also show 
cleavage terraces created during sample preparation. 
Stage I 
In Stage I we see the formation and broadening of slip lines. Figure 2 shows two images 
taken on a face of the sample where the dislocations possess edge character. 
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Figure 2a corresponds to about 0.2% plastic strain. Only single slip lines and narrow slip bands 
are visible. Figure 2b was taken at roughly 1% plastic deformation. Only the region at the top 
right of the image displays single slip. Here slip bands have widened considerably compared to 
Figure la. In the bottom left area two orthogonal slip systems are simultaneously active. 
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Figure 2a corresponds to about 0.2% plastic strain and we can see slip lines or narrow 
slip bands on two primary slip systems intersecting each other. The activation of the two 
orthogonal primary slip systems towards the centre of the sample was the usual case 
observed in our experiments. Towards the ends of the samples areas in which only one 
slip system was active could be found (see also Figure 2b), but the surface 
measurements described in the next sections concentrated on the central area of the 
samples which makes dual slip the relevant deformation mode. In Figure 2a we can also 
observe a small amount of slip on one of the secondary glide systems in the lower third 
of the image, probably caused by a slight misalignment of the sample with respect to the 
compression stamps. Figure 2b shows the same crystal at about 1% deformation. Here 
we see two areas with different slip system activity. Towards the bottom left of the 
image we see an area where two slip systems intersect. This is a boundary region 
between two larger areas where different - but geometrically equivalent - slip systems 
prevail. In the top right of the image we see an area that has deformed on a single slip 
system with all glide bands having the same orientation. As we explained above the 
boundary regions where dual slip was observed were usually located towards the centre 
of the sample where our surface measurements were taken. A higher-magnification 
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depicted in Figure 2b. In Figure 3b an even higher magnification of a similar region taken from 
another sample is shown. Both images illustrate the fine structure of the slip bands. 
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The slip bands and the regions of low dislocation density between them are clearly 
visible. Figure 3b shows an even higher magnification of a similar area and the change 
in dislocation density can be observed, with a central region of high dislocation density 
and a gradual decrease in this density towards the very low dislocation density between 
the two glide bands. The inhomogeneity of the plastic deformation is readily visible in 
these images as every dislocation corresponds to a discrete amount of slip. 
If we now turn our attention to the faces where the dislocations of the primary slip 
system posses screw character we see as expected slip lines parallel to the sample ends 
(Figure 4). The screw dislocations are somewhat harder to etch and contrast is not quite 
as good as for the edge dislocations. However, we observe that the development of the 
slip system for low deformations lags behind that on the edge face. The images in Figure 
4 correspond to the same strains as those shown in Figure 2 (4a-0.2% and 4b- 1% plastic 
strain). While on the edge face dislocations have already moved across the whole width 
of the crystal, on the screw face slip lines are developing more slowly. This is due to the 
fact that the average speed of screw dislocations is significantly lower than that of edge 
dislocations (the difference can be up to a factor of 50 [34] p.337). Screw dislocations 
tend to cross slip and we can see that the slip lines are more diffuse than those seen on 
the edge face. It is not possible to discern between the two orthogonal slip systems on 
the screw faces, as the only difference between the two slip systems is the direction of 
(in-) extrusion which can not be assessed from the optical images. 
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corresponding to the 'edge' face image shown in Figure 2a (taken at the same strain on the 
same sample) while Figure 4b shows the one corresponding to Figure 2b. Slip system 
development on these faces lags behind due to the much lower speed of screw dislocations. 
Stage II 
Figure 5 shows the same 'edge' face as before after the crystal has entered stage II of the 
stress strain curve. Figure 5a shows a low magnification image taken at about 5.5% 
strain while Figure 5b was taken at about 7.8% strain and with a higher magnification. 
Dislocation densities are much higher and slip bands are not discernable any longer in 
these images. The higher dislocation densities and lack of virgin material lead to the 
aforementioned increase in hardening due to dislocation/dislocation interactions. 
Figure 5: Edge face at higher strains. Image a) corresponds 10 about 5.5d Plastic dcJorinaleon 
while the higher magnification image b) was taken at about 7.8% strain. The crystal appears to 
be filled with dislocations. Both images are within Stage II of the stress-strain curve, where 
dislocation/dislocation interactions lead to increased hardening. 
dMi 
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Looking at one of the screw faces (Figure 6) we see that dislocation densities also 
increase here. On the screw faces measurements were getting increasingly difficult with 
increasing degree of deformation. As more and more surface steps are formed on these 
faces their waviness increases which makes it difficult to properly focus the microscope. 
Figure O: 'Sci -civ , J(IL 	in 1uiic/ciiiiig 	iI't 11. 1/U 	I) 	1. 1 	'I 1 1 ii (I Init" 
deformation while b) corresponds to 10% plastic strain. 
4.1.2 Birefringence images 
On all KCI crystal, birefringence images were taken using the setup described in Chapter 
3 after every deformation step to monitor their deformation behaviour qualitatively. 
Below a few of these are shown to further illustrate the deformation behaviour of the 
KC1 single crystals. 
Before deformation 
Figure 8 shows a KC1 sample in cross polarized light. There are no slip lines visible 
indicating that the sample had not been deformed during cleavage. This method of 
assessing the sample quality after deformation is quick and easy way to choose samples 
for deformation. The halo visible is caused by the imperfect polarising filter and 
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Ei'ure 8: Biretrine , tre 1/liege 
iuken before deformation. No 
lip lines are visible and only a 
,light halo caused by the 
liii perfection of the polarising 
filler can be seen. The lack of 
slip lines demonstrates that the 
ample was not deformed 
(luring the cleavage process. 
Stage I 
Below we see two images recorded at 1 .5% plastic strain (Figure 9), i.e. in hardening 
stage I. Figure 9a is looking onto the 'edge' face of the crystal and we can see bright 
lines corresponding to slip bands on the two orthogonal slip systems. In Figure 9b the 
corresponding image of the 'screw' face is shown. Here no bright lines are visible as 
screw dislocations do not cause asymmetric distortions of the crystal lattice (see Chapter 
Figure 9: Birefringence images taken at 1.5% plastic deformation: a) shows the birefringence 
pattern caused by arrays of edge dislocations of the same sign on the two orthogonal slip 
systems: b) shows the crystal face on which the dislocations have screw character. Here no slip 
lines are visible. 
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In the region shown here both orthogonal slip systems have been active during Stage I. 
As we already mentioned in the etch image section above this situation is most 
commonly found at the center of the sample. These pictures are in line with those shown 
in the previous section illustrating the inhomogeneous nature of plastic deformation. 
Light intensities, and hence excess dislocations, are distributed in a complex manner 
within the sample. 
Stage II 
The images shown in Figure 10 were taken at relatively high strains in Stage II (plastic 
strain about 7%). On the 'edge' face (Figure lOa) we can still discern lines of high 
dislocation density, although they now appear slightly bent, due to macroscopic shape 
change of the sample. On the 'screw' face (Figure lOb) we do not observe distinct lines, 
instead we only see "clouds" of an undefined shape and against the background of these 
we see dark lines corresponding to clusters of slip steps on the surface. 
... 
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formation. Even at these high strains striated 
patterns are visible in cross polarised light on the edge face (Figure JOa) illustrating the 
inhomogeneity of the plastic deformation. On the screw face only slip terraces are visible at 
black lines against the background of indistinguishable "clouds" indicating that still only the 
two orthogonal slip systems operating from the beginning are active. 
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Even at these relatively high strains (compared to the failure strain of the sample) we can 
discern areas of high dislocation density next to areas of much lower dislocation density 
in Figure lOa ('edge' face). This is the case, although, what we see in the images is the 
combined information of the sample thickness. The dislocations and hence the 
deformation appear also in Stage II of the deformation to be inhomogeneously 
distributed. Figure lOb demonstrates that only the two orthogonal slip systems had been 
activated as no slip lines can be observed on the 'screw' face. 
4.1.3 Summary 
Both the images recorded with selective etching and those taken using the birefringence 
technique confirm the statements we made in the previous chapter regarding the 
deformation behaviour. In Stage I we first see the formation of narrow slip lines which 
then broaden into slip bands (Figure 2). We can also see from the images that there are 
regions in the crystal that do deform in single slip (Figure 3), but in the larger part of the 
sample (and especially the centre) two slip systems are activated from the onset of 
deformation due to its <100> orientation. The images taken before deformation illustrate 
the good quality of the samples, with low initial dislocation densities visible on the etch 
images and no slip lines visible in cross polarised light (Figures 1 and 8). The images 
also illustrate the inhomgeneous nature of slip. This is evident from both etch and 
birefringence images taken during Stage 1 which exhibit distinct slip lines and bands 
(Figures 2, 3 and 9) which themselves do not have a uniform dislocation distribution 
(Figure 3). In Stage lithe dislocation etching technique we used can not resolve the 
dislocation distribution satisfactorily since dislocation densities are too high, but the 
birefringence images again show striated patterns (Figure 10). It seems that the two glide 
systems activated at the beginning of deformation are the only active glide systems 
throughout the deformation process. Figure 11 below puts the images in the context of a 
stress strain diagram of KC1 (the stress/strain diagram of the sample used in the 
birefringence experiment is shown; intermediate unloading steps have been omitted). 
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Figure 11: Etching and birefringerence images shown in relation to the stress strain graph. The 
arrows indicate the strains at which the images were taken. 
4.2 Surface metrology of deformed ICC! 
In this section we present the results of our topography measurements taken on KC1 
single crystals using AFM and SWLI. First we show some surface maps recorded with 
the two techniques at various stages of deformation (Section 4.2.1). After this, in Section 
4.2.2 we provide a more quantitative analysis of the surface morphology based on 
profiles extracted from such surface maps. We conclude the chapter with a discussion of 
the results. 
4.2.1 Surface maps 
In the following we show some AFM and SWLI images that illustrate how the surface 
morphology changes in the different deformation stages. From surface height maps like 
these the profiles for later in depth analysis are extracted, but it is instructive to first look 
at the maps themselves. 
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AFM 
Below in Figure 12a) a 150x 150 pm scan taken on an undeformed KC1 crystal is shown. 
We can see relatively large steps left over from cleavage breaking up the flat cleavage 
terraces. Cleavage terraces like these often contain some fine structure themselves and 
Figure 12b) shows a 20x20 pm scan taken on such a terrace. The displayed height scale 
bar includes a slight waviness most likely caused by the AFM piezo-scanner during the 
measurement as detailed in Chapter 3. Apart from small deposits, the surface is very flat. 
Hence, even the traces left by isolated moving dislocations can be detected as we will 













Figure 12. AFM images of' undeformed surface. image a) shows a i50x1'50Mm scan of an 
undeformed KCI surface with a few large cleavage steps. Image b) is a zoom in on one of the 
terraces showing the very low roughness of such terraces. 
As we saw above in section 4. 1, at the onset of plastic deformation single slip lines are 
formed which then broaden into slip bands. The same can be observed when looking at 
surface scans. Figure 13a for example shows an image taken at 0.3% of plastic 
deformation at the beginning of Stage I deformation. A single slip band can be seen 
traversing the scan width and in its vicinity two narrow slip bands have been created by 
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j: 
Figure 13: low deformation. 
This 150xi50um scan was taken 
on a KCI surface at very low 
deformation (03%). A large 
and several small slip bands are 
visible. Cutting through the 
middle of the scan, a cleavage 
step has been removed in the 
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.A .1 -~ 
• \. 	!10 course of image processing 
The line cutting the slip band in half is one of the larger cleavage steps and the spike 
visible next to it most probably stems from the deposition of dust during handling of the 
sample in ambient atmosphere. Figure 14a shows a lOxlOpm scan taken from the edge 
of the large slip band in Figure 13. The slip steps left behind by the passing groups of 
dislocations can be easily distinguished. In Figure 14b an even smaller scan (2x2 .trn) of 
the area is shown and the slip line fine structure present between the larger slip steps can 
be seen. The walls of the slip lines that appeared to be smooth in image a) can now be 
seen to be rough and made up of bundles of slip lines. 
a) 	 b) 
Figure 14' Zoom in on Figure 13. image a) shows a IOxlOpm scan zooming in on the edge of 
the large slip band visible in Figure 13. We can see that the slip band consists of steps of 
different height left behind by passing groups of dislocations. Image b) shows a zoom in on 
image a) and an even finer structure becomes visible on the terraces connecting the larger steps. 
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Figure 15: Middle of Stage I 
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Figure 15 shows scans taken at larger deformations (1.2% of deformation, middle of 
Stage I). In the larger scan shown as image a) we see that now towards the middle of 
Stage I the crystal is filled with slip lines. Image b) demonstrates the denser packing of 




Image a) shows a 150xI50pm scan taken towards the middel of 
Stage I deformation (in this case about 1.2% of permanent deformation). Slip steps are visible 
on the whole surface and no longer confined to certain regions. Image b) shows a detailed 
image (lOx] Opm scan) of a similar region at a similar strain. Slip lines are much more densely 
packed than at lower deformations. 
If we now look at an even higher deformation (Figure 16), we see that slip steps become 
so densely packed that it becomes impossible to resolve individual steps even on a 
lOxlO jtm scan (Figure 16b). While the images above resembled rooftops, the images 
now are akin to mountain ranges with continuous variations of slope. While one can 
distinguish between slip steps and slip terraces on the rooftop like images, this is no 
longer possible for these higher deformations. 
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a) 	 b) 
V 
Figure 16: Higher deformations (Stage 11). Image a) shows a 150pm scan from a highly 
deformed KCI crystal (5% of plastic deformation). Large features are visible on the surface and 
it becomes impossible to distinguish between slip steps and terraces. Image b) shows a zoom in 
on the area depicted in image a). Even on these smaller scales slip lines are so densely packed 
that it becomes difficult to distinguish individual lines. 
SWLJ 
The SWLI can measure large areas but has a much lower spatial resolution than the 
AFM. Hence, no individual slip lines can be resolved. Instead., we focus on the large-
scale morphology of the deformed surface. The images shown in Figure 17 were taken 
of the same sample as the birefringence images (section 4.1) and accordingly the 
stress/strain graph shown in Figure 11 corresponds to this sample. All four images show 
the same position on the sample, but at different values of plastic deformation. The same 
large cleavage step can be seen on all four images (for 5% strain it has been marked by 
an arrow) and tracking this step through the different strain values gives a feel for the 
morphology changes involved in the deformation. The images show surface stripes of 
680x 130 
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Figure 17: SWLI surface maps (680x130pm) showing the same area at d/jerent deformations. 
The colours correspond to surface height values and a legend is given next to every image. By 
following the cleavage step visible in ailfour maps (indicated by a black arrow in the 5% image) 
a sense of the surface changes involved with the increasing deformation can be gained. The 
sample entered Stage II of the deformation around 3% ofplastic deformation. 
The surface before deformation shows several small cleavage steps in addition to the 
large one mentioned previously. There are also a few fine surface scratches visible, but 
otherwise the surface appears very flat. The map for 1.5% plastic strain shows the 
sample surface in stage I of the deformation. The surface appears covered with small slip 
steps parallel to each other. This is in line with what we would expect from theory and 
from the images shown in section 4.1. Individual slip lines nucleate and start broadening 
until they are filling the sample. The next image in the series shows a surface map taken 
at 3.5% of plastic deformation which for this sample corresponded to the region of 
crossover from Stage I to Stage II. The height differences on the surface increase 
markedly at this stage. The final image shows a map taken at about 5% plastic 
KC 
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deformation in Stage H. The cleavage step is almost no longer discernable as the surface 
roughness increases strongly. For a more quantitative analysis of the surfaces we turn 
our attention in the next section to profiles extracted from surface maps similar to the 
ones shown above. 
4.2.2. Quantitative analysis of surface profiles 
The susceptibility of KCI to water and the related gradual degradation of the crystal 
surfaces over time made it necessary to restrict measuring times on a single sample. 
Hence, on some samples the efforts were concentrated on SWLI measurements while on 
other samples the balance was more shifted towards AFM measurements. In the 
following we first present the results for two samples mainly investigated under the 
SWLI to then proceed to one sample where the emphasis was put on AFM 
measurements. 
SWLI 
For two samples, KCI 1 and KCI 2, surface maps of 1.720.13  mm were recorded for 
nine (KC1 1) and seven (KCI 2) different deformation steps using the SWLI. For KCI 2 
in addition at three deformation steps AFM images were taken. Figure 18 shows the two 
stress-strain curves for the two samples. The stress-strain curves recorded for the 
individual deformation steps are alternately shown as fat and thin lines. The open circles 
in the diagrams show the rms roughness calculated as the average from the two profiles 
extracted for every deformation step. 
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Both samples show very similar stress-strain curves with a low yield stress of about 1 
MPa. Both samples changed from deformation stage I with low linear hardening to stage 
II with increased non linear hardening at about 3% compressive strain. We also observe 
that the rms roughness of the surfaces increases steadily during deformation which is in 
line with what we observed for the surface maps in the previous section. This can be 
further illustrated by looking at the actual extracted profiles. Six of the profiles 
corresponding to KCI 1 are shown in Figure 19. All of these were extracted at roughly 
the same position on the sample at different strains. Whenever profiles were extracted, 
care was taken to avoid large cleavage steps by extracting profiles from a single large 
cleavage terrace. Where this was not possible the areas for profile extraction were 
chosen so that the cleavage steps had a different orientation compared to the slip lines. 
This made it possible to easily identify cleavage terraces in the 3D surface maps and 
remove them from the extracted profiles. 
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Figure 19: Surface profiles KC1 I (take,ifrom SWL! maps). Shown are surface profiles extracted 
at different strain levels from the KC1 I sample. The first three profiles were taken in Stage / of 
the deformation; the second triplet corresponds to Stage II. While in Stage / the surface 
morphology undergoes massive changes in Stage 11 persistent surface features start to emerge. 
The first three profiles were taken in stage I of the deformation, while for the second 
three the sample had already entered Stage H. A distinct difference in surface evolution 
can be observed for the two Stages. In Stage I the surface undergoes massive changes 
not only in feature height but also in the morphology of the whole surface. In contrast to 
this in Stage II persistent surface features emerge which grow in height, but the surface 
stays easily recognizable. 
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Figure 20 shows the results of an analysis of the scale-dependent roughness of the 
surface, using the variable bandwidth method to characterize surface profiles taken after 
the different deformation steps. The displayed values are averages over two profiles 
extracted from different locations on the sample. 
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Figure 20: Rms-roughness evolution. The results of the rms variable window size method are 
shown for two KC1 samples. For deformations above 1.5%, the roughness increases with 
increasing window size according to a power-law with an exponent around C=0.75. The 
exponent for the undeformed surface is close to C=a5 and for the lowest deformations the 
exponent is closer to ç=0.6 The scaling spans about 3 orders of magnitude and is only limited 
front above by the limited profile length. 
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For both samples we observe the same behaviour. The absolute rms value for every 
window size increases with increasing strain. 
If we take a closer look at the slope of the curves which gives us the roughness exponent 
ç we notice that the undeformed surface has a roughness exponent close to =0.5. The 
exponent then grows rapidly during the initial stages of deformation towards its final 
value around =0.75. This is more easily seen for KC1 1 where two steps were made at 
very low deformations (0.1% and 0.8% compressive Strain). A line corresponding to an 
exponent of 0.6 has been drawn in the graph for guidance. Already at about 1.5% of 
plastic deformation both samples have reached the final roughness exponent value of 
about =0.75. The scale-free behaviour extends over more than 3 orders of magnitude 
and is only limited by the finite size of the extracted profiles. As detailed in Chapter 2 a 
roughness exponent above =0.5 on a self-affine profile is an indicator for long range 
correlations in the steps forming the profile or for power-law statistics of the elementary 
steps in the surface 
To distinguish truly self affine behaviour from possible multiscaling it is advisable to 
check higher moments of the height-height correlation function C(L,q) (see Chapter 2 
equation (2.5)). Figure 21 shows these higher moments calculated for a profile taken 
from KCI 1 for a selection of deformation steps. 
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Figure 21: Multi-scaling analysis of the KCI I profiles. By evaluating higher moments of the 
height-height correlation function C(L,q) it is possible to distinguish between true self-affine 
scaling and multi-scaling. The surface exhibits a q dependent roughness exponent up to about 
1.5% of deformation. At larger strains the exponent becomes q-independent and true self-affine 
behaviour is observed. 
For the undeformed surface and the lowest deformation step shown here we find strong 
q dependence of the exponent indicating multi-affine rather than self-affine scaling. This 
seems to subside with increasing strain and from 1.5% deformation onwards all apparent 
multiscaling has disappeared. At these higher strains we find a single q independent 
exponent as would be expected for a self-affine surface pattern made up of sharp steps. 
This q independent exponent can then be observed for the remaining deformation steps 
investigated. We also observe that the absolute values for C(L,q) increase with 
increasing deformation which we already saw for the rms variable window size method 
above. 
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As pointed out by Mitchell [47] the introduction of large steps into self-affine profiles 
can lead to multi-affinity. Hence, it is important to check weather the multi-affinity we 
find at low deformations might be caused by steps unrelated to the plastic deformation. 
Figure 22 shows the profiles upon which the analysis for 0% and 0.8% deformation was 
based. 
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Figure 22: Surface spikes. The two profiles of KO 1 exhibiting multi-scaling are shown. Large 
spikes can be seen in the data unrelated to the surface steps caused by dislocation slip. Such 
spikes can be the cause of multi-scaling. 
Looking at these profiles under the aspect of steps unrelated to the plastic deformation 
we notice large spikes present in the profiles. These spikes are most likely caused by 
small dirt particles and debris left behind from the cleavage process. In Figure 23 the 
effect of removing the larger ones of the spikes is demonstrated. 
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Figure 23: Spike removal. After removing the largest spikes from the KC1 I profile taken at 
about 0.8% strain, the multi-scaling observed previously disappears and the surface exhibits 
true self-affine behaviour. 
After removing the spikes the different exponents found for different q values coincide 
and the apparent multi-scaling observed previously disappears. This also explains why 
the multiscaling is not observed for larger deformations as the increase in surface 
roughness related to the plastic deformation overshadows the then relatively small 
spikes. 
If we now also consider the AFM data recorded for KC1 2 with much better spatial 
resolution (in the case of these measurements around 30nm), we find that the scaling 
range extends even further towards the small scales. In Figure 24 this is shown for the 
example of the 3.2% strain deformation step. The AFM data were averaged over three 
profiles taken from three different randomly chosen areas on the sample. 
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Figure 25: Rms variable bandwidth analysis including AFM (black squares) and SWLI data 
(blue triangles)for KC1 2. The self-affine scaling of the surface extends from the mm down to the 
nm region without evidence of an intrinsic correlation length. 
Incorporating the AFM data we see that the self-affine scaling spans almost six orders of 
magnitude, from the nm region up to almost 1 mm, with no apparent cut off towards the 
lower end. Towards the upper end scaling is only limited by the finite length of the 
SWLI profiles. For the roughness exponent a value of about 4=0.7 is found. 
We now analyse the step height distributions found on the two samples at the different 
deformation steps. In order to do so we use the same codes that we used for analysing 
the artificial profiles in Chapter 2. However, while for the artificial profiles a distinction 
between positive and negative steps was made as they corresponded to slip steps and 
terraces, this is not the case for the profiles presented here. This is due to the fact that 
both samples deformed in dual slip and accordingly the deformation created positive and 
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negative steps in about equal numbers. Figure 25 shows the probability density function 
p(s) which characterizes the step height distribution of the KC1 2 surface at 5.4% 
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Figure 25: Probability density function p(s) of positive and negative steps for KC1 3. The 
behaviour found for the probability density function p(s) by binning the positive or negative 
steps is almost identical. This is caused by two separate slip systems showing about equal 
activity. 
Both positive and negative steps follow the same distribution. As there are no significant 
differences, in the following we will mainly consider the positive steps. For every degree 
of deformation, step height distributions were determined from two separate profiles. 
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In Figure 26 distributions are shown for the initial deformation stage (0% to 1.5% plastic 
strain) of the KCI 1 sample. 
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Figure 26: p(s) up to 1.5% of plastic deformation for KCI 1. The results for the logarithmic 
binning of the surface steps for deformations up to 1.5% are shown. The exponent found to 
describe the step distribution best for low deformations is about r=-2 and then slowly rises until 
at about 1.5% plastic deformation a value of about r=-1.5 is best suited to describe the 
behaviour. 
For the undeformed surface we find a probability density function p(s) which decays 
rapidly towards larger step sizes. With the onset of plastic deformation the nature of p(s) 
changes towards a more linear shape in the log-log diagram and can be approximated by 
a power law. The value of the exponent t of this power-law slowly grows from about z=-
2 for 0.1% deformation to a value of about T-1.5 for plastic strains above 1.5%. 
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The maximum step height on the surface increases rapidly from somewhere around 
2* 10-2  pm for the undeforrned surface to about 8* 10 -1 j.Im for 1.5% plastic deformation. 
The distributions of the deformation step heights above 1.5% strain are shown in Figure 
27. 
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Figure 27: p(s)for deformations above 1.5% for KC1 1. The exponent found for the power-law 
behaviour of the probability density function 	remains around r=-1.4..-1.5 for several 
deformation steps before the exponent starts rising further. It finally reaches a value of about 
r=- 1.2 for 9.4% plastic deformation. For the last deformation steps a cut off to the power-law 
behaviour becomes visible. 
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We see that the exponent continues to increase until it reaches a value of about T=-1.2 
for the maximum strain where we could record profiles (about 9.4%). However, between 
1.5% and 5% strain the exponent remains constant at a value around T=-1.5. The 
maximum step size found on the surface continues to increase albeit at a much slower 
rate than in the early stages of deformation. As the step size reaches a value around 1 
p.m, an intrinsic limit to the scale free behaviour can be seen which is most evident at the 
largest deformation. Towards small step sizes the scaling regime is limited by the 
limited height resolution of the measurement technique (-0.6nm). The maximum scaling 
range spans about 3 orders of magnitude from the nm to the .tm range. The distribution 
functions obtained by logarithmic binning for KC1 2 are displayed in Figure 28. 
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Figure 28.- p(s) for KCI 2. A similar behaviour to KC1 I is observed. At small deformations v 
rapidly rises until it reaches a value of about z=-1.5. After remaining at this value between 2.2% 
and 5% strain the exponent starts to rise again and reaches a value of about r=-l.2 at 8.8% of 
plastic deformation. The cut-off in the step distribution is not clearly observed for this sample. 
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This set of data shows very much the same picture as the KC1 1 sample. The undeformed 
sample contains small steps and a fast decay towards zero for larger steps. The 
maximum step sizes increase rapidly for deformations up to about 3.2%, then the 
increase slows down. This is slightly later than for the KC1 1 sample. An upper bound to 
the scale free behaviour only becomes visible for the highest recorded deformation in 
this case (8.8% plastic strain). The exponent describing the power-law behaviour 
behaves also similar. Less deformation steps have been recorded for this sample at the 
lower deformations and the exponent reaches a value of T=-1 .5 only at higher strains 
(2.2% of deformation). However, the range that can be described increases considerably 
until it spans almost 3 orders of magnitude at 4% plastic strain. For higher deformations 
above 5.4% a lower exponent is better suited to describe the power law behaviour and 
for the last deformation step at 8.8% plastic strain a value of about t=-1.2 is reached. 
AFM 
For another KC1 single crystal the focus was set on AFM measurements. At four strain 
steps, 150x 150 gm surface maps were recorded using the AFM setup described in 
Chapter 3. Three different areas were measured and one profile was extracted for each 
area. The stress-strain diagram for the sample is shown in Figure 29. We will refer to 
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A small crack formed at one of the sample ends around 5% strain and the stress 
relaxation resulting from this is clearly visible in Figure 29. As the crack was contained 
in the sample end it did not interfere with the actual surface measurements. The sample 
entered Stage II of the deformation around 3.5% of plastic strain. One of the extracted 
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Figure 30: AFM profiles. The profiles extracted from 150x150,um scans for the four deformation 
steps are shown. For AFM measurements it was not possible to image the same area during the 
whole deformation process as a re-location of previously measured areas was not possible. 
The profiles look similar to those recorded by SWLI just on a smaller scale. However, 
they are only compromised of 512 data points while the SWLI profiles contained above 
3200 data points each. The steps on all three profiles per deformation step were 
evaluated in a single diagram. The probability distribution functions of the surface step 
height are shown in Figure 31. 
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Figure 31: p(s) for AFM scans. The results for the logarithmic binning of the step heights 
extracted from the 150pn AFM scans are shown. Profiles were extracted from three separate 
areas on the sample. The exponent was found to show a similar development as seen for the 
SWLI images above. For strains above 1.5% plastic strain the power law behaviour is best 
described by an exponent about r=-1.5. The scaling spans almost 3 orders of magnitude from a 
few mu to about 300nm for the highest deformation. No cut off towards large step sizes is 
observed. 
The picture we find to emerge for the AFM measurements is similar to what we saw in 
for the SWLI images. For the probability distributions found at the two lower strains 
displayed in Figure 31 no power-law behaviour or possibly a high exponent (above t=-
1.5) can be observed. In case of the two higher strains (4% and 6.6% of plastic 
deformation) we can see that the surface steps are obeying a power-law with an 
exponent about T=- 1.5 above a couple of nm. In contrast to what we saw for the SWLI 
data, the exponent describing the power-law behaviour does not change significantly for 
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higher deformations in the case of these AFM measurements. The length of the scaling 
regime increases with increasing deformation and for the highest deformation (about 
6.6% permanent deformation) compromises a range from about 3nm up to 300 nm. 
There is no cut off apparent towards the upper bound for the highest deformation shown 
here. Towards small step sizes we again observe a limit to the scaling regime below a 
few Burgers vectors, which in this case is not likely to be caused by the limited height 
resolution. 
4.2.3 Summary and Discussion 
The surface maps shown in the beginning of Section 4.2.1 illustrate the good surface 
quality and flatness of the initial cleaved crystals. Some large cleavage terraces are 
present, but by choosing areas where the orientations of the slip lines and the terraces do 
not coincide it is possible to distinguish between both and remove the terraces from the 
extracted profiles. Whenever possible, though, profiles were extracted from single large 
cleavage terraces and hence did not contain cleavage steps. 
Otherwise, the surface maps taken by AFM and SWLI complement the picture that we 
obtained from the etch- and birefringence images in Section 4.1. In the early stages 
narrow slip bands are formed (Figure 13 and 14) breaking up the otherwise undisturbed 
surface. These slip bands then broaden and AFM allows us to even investigate their fine 
structure. Within the slip bands we see a picture similar to the one seen at larger scales, 
namely narrow slip steps formed by varying numbers of passing dislocations separating 
almost undisturbed slip terraces. At higher deformations we observe the crystal surface 
to be filled with slip lines and in general a decrease in the separation distance between 
the individual slip lines (Figure 15). At even higher deformations more complex patterns 
emerge and large features develop which resemble mountain ranges rather than the 
rooftop shapes seen at lower deformations (Figure 16). The SWLI images shown in 
Figure 17 document this behaviour on even larger scales. Initially deformation only 
leads to small "ripples" forming on the previously undisturbed surface while at later 
stages of deformation large features emerge and roughness increases markedly. This can 
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be seen more quantitatively in the increase of the rms-roughness calculated from 
extracted profiles with the mis roughness strongly increasing with increasing strain. 
The stress-strain curves recorded for KCI 1 and 2 both show the behaviour expected 
from the literature with two distinct stages. In Stage I low linear hardening is observed 
while Stage II is governed by an increased non linear hardening rate. We also observe 
very low initial yield stresses around 1MPa indicating high purity and a low initial 
dislocation density of the samples. The extracted profiles reveal differences in the 
surface morphology evolution during Stage I and during Stage II. In Stage I the surface 
undergoes massive changes between the different recording steps. In Stage II on the 
other hand we see persistent features emerging which do not change much during further 
deformation (Figure 19). 
Analysing the extracted profiles for the undeformed as-cleaved surface using the mis-
variable bandwidth method, we find a roughness exponent of about ç=0.5. This indicates 
a random distribution of steps on the initial surface (Figure 20). An exponent of ç=0.5 
lies at the lower end of what has been reported for fracture surfaces in other materials 
(t=0.5. . .0.8). However, the scaling analysis of fracture surfaces is a very active field of 
its own and further or more detailed investigations were beyond the scale of the present 
work. 
The observed roughness exponent increases rapidly during initial deformation and 
reaches a value of about =0.75 around 1.5% plastic strain. If the AFM data are 
considered in addition to the SWLI profiles we see that this scaling expands over 5 
orders of magnitude, from tens of nm up to mm (Figure 25). Initial tests showed a q-
dependent exponent rather then a q-independent one for low deformations. However, it 
turns out that this was only due to the presence of spikes unrelated to plastic deformation 
on the initial profiles. As Mitchell has pointed out [47], the introduction of steps into a 
self-affine profile leads to multi-scaling. It could be shown that removal of the spikes 
results in the recovery of a q-independent exponent. It appears then, that the initially 
109 
Chapter 4 	 Experimental results and analysis: KCI 
observed changeover from q-dependent to q-independent scaling was caused by the 
overall increase in roughness which submerged these spikes. Assuming sharp steps (see 
Chapter 2.3.4) the surfaces can then be interpreted as self-affine. In the case of self-
affine scaling a roughness exponent of ç=0.75 indicates long range correlations in the 
fluctuations of the surface height or a clustering of surface steps. The same is then true 
with the directly connected shear strain fluctuations and hence, for these underlying 
shear strain fluctuations &y=y-<y> and the correlation function <&y(x)&y(x')> of the 
shear strain fluctuations along the profile direction x decays as [ 48]: 
,1 	 I2C -2 	 -0.5 (8y(x)Sy(x)) oc k- XI oc x-xl . 	 (4.1) 
The observed roughness exponent is in good agreement with the findings of Zaiser et al. 
[48] who investigated polycrystalline copper samples of high purity. They determined a 
value of ç=0.75 for the roughness exponent within a limited scaling regime. The scaling 
in their study was limited from above and the upper boundary was found to coincide 
with the average grain size of their samples. Wouters et al. investigated further on the 
origin of the upper limit and were able to show on samples made of an Al-Mg-alloy that 
the upper limit to the scaling regime is indeed connected to the average grain size [49]. 
For our samples the scaling regime is only limited by the length of the measured profiles 
as we are dealing with single crystals which do not contain grain boundaries. However, 
the roughness exponents determined by Wouters et al for their aluminium alloys are with 
=0.9 [49] slightly higher then the one determined by us for KCI. In later investigations 
on iron and zinc Wouters et al. determined an exponent of about =0.8 [50] for these 
materials which is closer to the value we find . However, it needs to be emphasized that 
this is only true under the assumption of sharp deformation steps, as smeared out steps 
may obscure the multi-scaling behaviour of the surface. 
At first sight, the surface step distributions we determined by logarithmic binning from 
the profiles extracted from the SWLI measurements do not appear to be governed by a 
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single exponent for all strains. The initial surface shows very small steps and a 
probability density function that decays rapidly towards larger step sizes. For very low 
strains (0.1 and 0.8% recorded for KC1 1) we start to see a probability density function 
exhibiting power law behaviour which is best described by an exponent 'r=-2. As the 
deformation of the samples increases the exponent reaches a plateau around r=-1.5 
where it remains for several percent of deformation. The plateau seems to be reached by 
the two samples at different absolute strain values. While for KCI 1, already at 1.5% 
deformation clear power law behaviour of the probability density function with an 
exponent of r=-1.5 can be observed, KC1 2 reaches the same exponent value only at 
about 3% of permanent deformation. At high deformations above 6% the exponent starts 
to decay further reaching a value around r=-1.2 for the highest recorded strains. The 
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Figure 32: The evolution of the apparent step size exponent. The exponents determined for KCI 
1 and 2 (open squares) are plotted against strain alongside the exponents determined for the 
artificial profiles of Chapter 2 (solid circles). The profiles generated with a variable hardening 
at the onset of plastic deformation model the behaviour of the real samples well towards low 
strains (too high exponent). The higher deformations are in good agreement with the results for 
the simplest artificial profiles (too low exponent). 
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Also plotted in Figure 32 are the values we determined with our simple models in 
Chapter 2. The data point for 10% strain was taken from the results of the simplest 
model we proposed in Chapter 2 where Levy distributed steps (height distribution) were 
placed at random positions on the surface and constant strain hardening was assumed. 
The data points for the lower strains (below 10% strain) were taken from the model 
taking into account the much higher hardening at the very beginning of plastic 
deformation (for details see Chapter 2). 
The distributions and power-law exponents obtained from these artificial profiles 
describe the behaviour of the real surfaces well. This indicates that the further decay 
away from r=-1.5 for large deformations can be explained by event superposition. The 
surface becomes slowly filled up with steps and new slip events start to create steps on 
top of old slip lines. We then measure one large event instead of the two smaller ones 
that really took place and the measured step distribution is tilted towards larger events. 
Accordingly, measuring too many large events then gives us a too low value for T. At 
very low deformations, on the other hand we see the effect of distribution superposition 
caused by the changing hardening coefficient 0. The effect is caused by a much higher 
hardening rate at the onset of deformation where the dislocation sources easiest to 
activate get activated first and then quickly stop operating as dislocation pile ups in their 
vicinity (caused for example by dislocations becoming immobile due to double cross 
slip) raise the stress necessary for their activation. This change in hardening rate 0 leads 
to a change of the underlying event distribution by changing the value of the cut-off 
present at large events. As a reminder, equation (2.7) determined by Zaiser and Nikitas 
describing the cut-off is given again [33]: 
bE 	 (2.7) 
L(e+r) 
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Accordingly, the very high hardening coefficient at the onset of deformation leads to a 
very low cut off value and, hence, to a large amount of small steps being generated at the 
beginning of plastic deformation. In contrast to AE measurements or measurements of 
deformation bursts the surface does not "forget" about these early events and we end up 
with too many small events leading to a tilting of the distribution function towards 
higher exponents T. This effect slowly subsides as more and more events are created 
according to the distributions for the much higher and less changeable cut off values 
(lower hardening coefficients) present during further deformation. 
Despite these effects being present at low and high deformations there is a window 
between about 1.5% and 6% of plastic strain where the exponent remains at a value of 
about t=-1.5. Our initial investigations of the artificially created profiles in Chapter 2 
show that the results for low and high strains are not representative for the underlying 
step distribution function. This strongly indicates that the step distribution function is 
best described by an exponent of t=-1.5. Further support for this idea is given by the 
results of the AFM scans where we find the same value of T=-1.5 for the exponent at 
strains above 1.5% of plastic deformation. Here even at higher strains the same value is 
found for the exponent which can be explained by the higher spatial resolution of the 
AFM compared to the SWLI. The higher resolution of the AFM allows resolving 
separate events which for the SWLI appear as one, pushing towards higher strains the 
boundary from which onwards event superposition becomes relevant. 
Combining the results from AFM and SWLI we can observe that the step height 
distribution can be described by an exponent of r=-1.5 over 3 orders of magnitude from 
about 2nm to 21.tm  with an intrinsic upper limit towards the large step sizes. The lower 
limit is most likely caused by the fact that at least a few dislocations have to interact to 
cause the scale free behaviour. The exponent of T=-1.5 is in good agreement with the 
exponents that have been found for the temporal distributions of acoustic emission 
events in ice [3, 51, 52] and the temporal distribution of strain bursts in the deformation 
of micron sized pillars [19, 53]. This conformity of exponents seems to indicate a one- 
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to-one correspondence between strain bursts and emergence of discrete slip steps as both 
obey very similar distributions. 
The lack of an upper boundary to the scaling regime even for large deformations in the 
AFM data can be explained by the small area measured with this technique. The chance 
of finding large steps in the range of the cut off size (and hence the visibility of the cut 
off) increases with increasing deformation and increasing profile length simply because 
we are "drawing" more events from the distribution. Hence, for the SWLI measurements 
we can observe a cut off only for large deformations and due to the stochastic nature of 
the process only clearly for KCI 1 and a lot less clearly for KCI 2. The small area 
measured by the AEM means that we are evaluating a much smaller number of steps for 
these profiles than for the SWLI profiles, and the chance of finding steps around the cut 
off size is much smaller. Hence, the cut off is not observed. The existence of a limit to 
the scale free behaviour towards large burst sizes explains why the discontinuous nature 
of plastic deformation is not usually observed in experiments on macroscopic samples. 
The largest burst found on KCI 1 is about 2tm which corresponds to a length change of 
the sample of 1 gm or an increase in strain of about iO which is difficult to detect with 
conventional experimental equipment [33]. 
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5. Experimental results and analysis: unirradiated LiF 
In this chapter we present and analyse experimental results for unirradiated LiF are 
presented. In the first section the deformation behaviour of LiF is briefly discussed and 
illustrated with birefringence images. In the second section we move on to the results of 
our surface topography measurements and again conclude with a brief discussion. 
5.1 Deformation behaviour of LIF 
As we mentioned in Chapter 3 the deformation behaviour of LiF is very similar to that 
of KC1. Figure 1 shows two birefringence images taken on a deformed LiF single 
crystal. 
__ 	 , 
I 	I: Birefringence irnage.s of deforimi 	 rc ided at about I plastic 
strain. Two orthogonal primary slip systems have been activated. Image b) shows the same 
crystal at about 12% plastic deformation just before failure. Strong activity of the two 
orthogonal slip systems has lead to a complicated birefringence pattern. 
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Figure la) corresponds to 1% of plastic deformation, while image b) was taken at about 
12% plastic strain, just before the failure of the sample. Figure la) shows that two 
orthogonal primary slip systems have been activated at the onset of deformation. These 
two slip systems then stayed active until the failure of the sample. Usually no evidence 
of the activation of the oblique slip systems could be found, however, some samples 
deformed in block glide from the very beginning of deformation. These were discarded 
without further investigation as detailed in Chapter 3. Image b) demonstrates the strong 
macroscopic deformation of the sample: Slip lines appear bent as a result of the 
simultaneous activity of the two orthogonal slip systems. 
These observations are in line with what we observed in the case of KCI. Both materials 
are chemically very similar and share the same crystal structure and accordingly a 
similar mechanical behaviour is expected. 
5.2 Surface Metrology 
In this section the results for our surface topography measurements on deformed LiF 
single crystals are presented. In line with the structure of the last chapter, we first present 
a few surface maps recorded with AFM and SWLI. In contrast to Chapter 4 we 
concentrate on AFM images for the lower deformations and on SWLI images for larger 
deformations. The second half of the section is dedicated to the analysis of profiles 
extracted from these surface maps using our advanced analysis techniques. 
5.2.1 Surface maps 
Although the general deformation behaviour of KCI and LiF is very similar (see Chapter 
3 and above), some differences can be noticed noticeable when looking at the surface 
maps of the deformed crystals. One visible difference in the surface maps shown below 
is the difference in length of the Burgers vectors (and lattice parameters) of LiF and KCI 
(bLIF=2.85A and bKcI=4.45A).  This difference directly leads to smaller steps left behind 
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by passing dislocations and smaller separation distances between slip bands. This has to 
be kept in mind when comparing the maps shown here with the ones displayed in 
Chapter 4 for KC1. 
AFM 
Figure 2 shows two AFM maps recorded in the early stages of plastic deformation 
(Stage I at 0.7% deformation). 
_______- 
Figure 2: Early stages of deformation. Image a) shows a 145x145m AFM-scan taken at about 
0.7% of plastic strain. The distinct rooftop shape seen on KC1 is also visible on LiE at this stage 
of deformation. Image b) is a lOx] Opm scan in the same area depicted in image a) and was 
taken at the same strain. We observe that even at this scale the surface already appears to be 
completely covered with fine slip lines. 
Figure 2a) shows a similar picture to what we observed before for KC1 during stage I 
deformation. The crystal surface is filled with narrow slip lines/bands and the distinct 
rooftop shape is easily recognizable. The I Ox 10 p.m scan (a zoom in on Image a)) shown 
in Figure 2b) demonstrates that already at this early during deformation very fine slip 
lines seem to completely cover the surface. Only once we go to even smaller scan sizes 
and, hence, higher resolutions it becomes evident that there are still areas undisturbed by 
slip lines. Such an undisturbed area is visible towards the left hand side in Figure 3 
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Figure 3: Slip band border. The image 
displayed shows an even smaller AFM-
scan (2x2pm) taken of the same area and 
at the same strain (0.7% plastic strain) 
as the images shown in Figure 2. At 
these small scales areas without slip line 
activity become discernable. 
In contrast to KC1 where such areas in the vicinity of regions of high deformation 
activity usually showed some fine structure caused by cross slip, in the case of the LiF 
samples shown here slip lines seem to be largely confined to their original slip plane. 
The Images shown in Figure 4 were taken on the same sample as the AFM images 
shown above, only at higher strains. They were recorded in stage II of the hardening 
curve at around 6% of plastic deformation. Again image b) is a zoom in on the area 
depicted in image a). 
a) 	 b) 
Figure 4: Advanced stages of deJbrmation. In image a) a 150x150m AFM-scan recorded at 
about 6% of plastic deformation (Stage II) is displayed. Image b) is a smaller scale scan 
(lOxIQum) taken in the same area as image a). In both images large densely packed features are 
visible on the crystal surface, but the localization of deformation on discrete slip lines is still 
visible. 
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Just as in case of KC1, at this stage of the deformation the surface maps start to look akin 
to mountain ranges with ever changing slopes. However, the stepped character stays 
recognizable even at these relatively high deformations. 
SWLI 
As mentioned above we present only Zygo images for the larger deformations to 
illustrate the surface evolution at these higher strains. Figure 5 below shows two 
680x 130 pm surface maps taken of the same sample at the same location at different 
strains. Both images were taken in Stage H at plastic strains of 6.5% and 10% 
respectively. 
strain 6.5% 	 strain 10% 
	
.204 	 - 	 - 	 .30442 
- 	 nm 
-22623 	 .44251 
Figure 5: images of higher deformation. Surface maps ('680x 130pm) taken by SWLI at 65% and 
10% strain in roughly the same position are shown. In both images the step like features stay 
discernable even at these higher deformations. The surface morphology does no change 
significantly with the increase in strain. Instead persistent features emerge which only grow in 
height (note the change in the maximum and minimum of the scale bars displayed next to the 
images). 
In the image recorded for 6.5% of strain we can still discern distinct steps on the surface. 
And even at 10% deformation these steps are still visible. Otherwise, we observe that 
there is no significant change in the surface morphology itself with persistent features 
emerging at these larger strains. Only the height of the features seems to be increasing 
between the two deformation steps shown here (note the change in the scale bar between 
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the images in Figure 5). For a more quantitative analysis we now turn our attention again 
to profiles extracted from such surface maps. 
5.2.2 Quantitative analysis of surface profiles 
The surface maps for LiF were recorded in a slightly different manner from those of 
KCI. Although LiF is less susceptible to water than other alkali halides it has the 
problem (from the perspective of surface measurements) that the { 100  plane of the 
crystal has a relatively high surface energy. As a result the crystals tend to attract dust 
which makes it imperative to minimize exposition to the ambient atmosphere. The 
measuring procedure was therefore adjusted. The first few deformation steps were 
recorded using a lower magnification lens for the SWLI resulting in a much lower 
spatial resolution (-4.4tm), but a significant saving in time. This then allowed to obtain 
AFM data from the same samples while keeping the total measuring time in an 
acceptable range such that the contamination of the surfaces with dust became not too 
severe. For higher deformations only high resolution SWLI images (spatial resolution 
-.0.5tm) were taken and no AFM data was recorded. In the following we first show the 
profile evolution on a sample (LiF 1) where great care was taken to extract all Zygo 
profiles (low and high resolution recordings) at the same location on crystal surface. For 
LiF 1 at two deformation steps both high and low resolution images were taken with the 
SWLI. Afterwards the distributions obtained for another sample (LiF 2) are shown. For 
LiF 2 more deformation steps were recorded than for LiF 1. Both samples had 
dimensions in the range of 2x2x12 mm 3 . 
Figure 6 shows the stress-strain diagram of LiF 1. The open circles represent the average 
tins value calculated for profiles extracted from the low resolution surface maps, while 
the open squares show the average rms for the profiles extracted from the high 
resolution maps . All profiles (low and high resolution) had the same absolute length of 
about 1.7 mm and where extracted from roughly the same position on the crystal. 
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Figure 6: Stress-strain diagram and rms-roughness evolution of LiF 1. The stress-strain graph 
of the sample LiF I is shown. It has been assembled from the records of the individual 
deformation steps (alternating thin and fat full lines). Also shown is the average nns value 
calculated for every defonnation step from two extracted profiles. Up to about 6% plastic strain 
low resolution Zygo images were taken (rms values shown as open circles) and from about 3.5% 
strain high resolution images were recorded (mis shown as open squares). The rms shows good 
agreement in the overlap region where low and high resolution images were taken. Surface 
roughness increases steadily with increasing strain. 
The yield stress observed for the sample is about 5MPa and the change from stage I 
behaviour to stage II behaviour takes place around 2% of plastic deformation. The rms 
roughness of the extracted profiles increases with increasing strain. Where both high-
and low-resolution data have been recorded, the average rms values of the extracted 
profiles are in good agreement. Below in Figure 7, surface profiles corresponding to the 
above stress-strain curve are shown. 
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Figure 7. Profiles extracted from LiF I at different deformation steps. The first three profiles 
correspond to Stage I of the hardening curve while the last three were extracted in Stage II. 
While the surface morphology is subject to large scale changes in Stage!, we observe persistent 
features that only grow in size during Stage II. 
The first four profiles were extracted from low resolution measurements while the last 
two were taken from high resolution measurements. As mentioned above, the transition 
from Stage I to Stage II takes place at about 2% deformation. During Stage I the surface 
morphology undergoes large changes, whereas in Stage II persistent features emerge 
which only increase in size. This is in line with what we saw for KC1 in Chapter 4. 
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We now proceed to a quantitative analysis. Data from a different sample (LiF 2) were 
used for this purpose as more deformation steps were recorded for it. Figure 8 shows the 















Figure 	8: 	Stress-strain 
diagram of LiF 2. The 
stress-strain graph of LiF 2 
was reassembled from the 
recordings of the individual 
deformation steps 
(alternating thin and fat full 
lines). The sample enters 
Stage II at about 2.2% 
deformation and a crack 
formed around 10% strain 
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compressive strain [%] 
The stress-strain diagram of LiF 2 is similar to that of LiF 1. The yield stress is about 
7MPa and the sample entered Stage II at around 2.2% plastic strain. At about 10% 
plastic strain, a crack formed towards one of the ends of the sample which lead to a 
small stress relaxation. Surface maps were recorded at six deformation steps, for the first 
four (up to 6.5% permanent deformation) low resolution Zygo measurements in 
combination with AFM scans were taken. For the two deformation steps above that only 
high resolution Zygo images were recorded. The profiles used in the further analysis 
below were extracted from these surface maps as described in Chapter 3. 
In Figure 10 the results of the rms-variable bandwidth method for the extracted profiles 
are shown. Graph a) shows the evolution of the rms-roughness through the deformation 
steps, while in Graph b) the information from both AFM scans and SWLI images has 
been combined. 
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Figure 10: rms-variable bandwidth analysis of LiF 2. Plot a) shows the rins-variable bandwidth 
analysis conducted for the different deformation steps using Zygo data only. The exponent found 
for the undeformed surface is close to =0.5 and during the first two deformation steps reaches 
a value of around (=0.75 .. .0.8. In Plot b) information from AFM scans and Zygo images has 
been combined for one strain step (6.5% plastic strain) and an exponent of about =0.describes 
the surface roughness well over more then 5 orders of magnitude. For both plots no intrinsic 
limit to the scaling is observed. 
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Figure lOa) shows that just as in the case of KC1 the initial surface shows very low 
overall roughness and an exponent of around C=0.5 can be deduced. Within the first 
deformation step the surface roughness increases dramatically and by the second 
deformation step (1.3% plastic strain) the roughness exponent has reached a value of 
around ç=0.75. . .0.8. The roughness exponent then remains at this value until the last 
recorded deformation step. The overall roughness increases continuously which is in line 
with our observations for LiP 1 (Figure 6). In Figure lOb) the extent of the scaling range 
is illustrated. The combination of AFM and SWLI allows us to asses the surface 
roughness over many orders of magnitude and we observe that the scaling regime 
extends from the mm down to the nm range covering more than 5 orders of magnitude. 
No intrinsic cut off to the scaling is observed and only the limited length of our extracted 
profiles leads to the observed boundary to the scale-free behaviour towards large profiles 
length. This indicates that the surface shows self-affine or multi-affine scaling. To 
distinguish between the two, higher moments of the height-height correlation function 
C(L,q) have to be evaluated (see Chapter 2 Function 2.5). The profiles extracted from 
the surface maps recorded by SWLI were used for this purpose and the results of the 
analysis are summarised in Figure 11. 
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Figure 11: Multi-scaling analysis LiF 2 profiles. By evaluating higher moments of the height-
height correlation function C(L, q) it is possible to distinguish between true self-affine scaling 
and multi-scaling. For the undeformed surface a q-dependency of the observed exponent can be 
seen. This dependency vanishes with the first deformations step and a q-indipendent exponent is 
observed thereafter, indicating true self-affine behaviour. 
The undeformed surface shows a certain degree of q dependence for the exponent. This 
is most probably the result of small steps and spikes in the recorded topography data 
caused by small dirt particles or noise in the measurement which at such a small 
roughness can not be ignored. Already for 0.7% strain any q dependence vanishes and. 
No significant deviation from this behaviour is observed for the remaining two 
deformation steps (6.5% and 12% strain) indicating self-affine scaling of the recorded 
profiles under the assumption of sharp surface steps. 
We now turn our attention to the height distribution of the steps found on the deformed 
surfaces. Figure 12 shows the probability density distribution functions p(s) obtained 
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from the deformed surfaces at different strains by means of logarithmic binning (see 
Chapter 2 for details). As we did in the previous chapter, we only consider surface steps 
of one sign (only positive steps) for our analysis as the distributions found for the 
positive and negative surface steps are almost identical. 
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Figure 12: p(s) determined for LiF 2. p(s) for the positive surface steps found on the extracted 
Zygo-profiles is shown for all deformation steps. Above 3.5% plastic strain, p(s) can be well 
described by a power law. For 6.5% and 8% permanent deformation an exponent of r=-I.5 is 
found for this power law while at 12% strain a slightly lower exponent of r=-1.3 is better suited 
to describe the distribution. For 12% deformation an intrinsic limit to the scaling regime 
towards large surface step heights is observed. 
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In case of the undeformed surface (0% strain) we find p(s) to be rapidly decaying 
towards larger step heights. During the first three deformation steps (0.7%, 1.3% and 
3.5% strain), the height of the surface steps quickly increases and from 6.5% strain the 
probability density function p(s) can be best described by a power-law over almost 3 
orders of magnitude (nm to Wm). For 6.5% and 8% plastic deformation we find an 
exponent of r=-1.5 while the last deformation step at 12% strain is better described by a 
lower exponent of about r=- 1.3. For the highest deformation displayed here (12% strain) 
we also observe a possible limit to the power-law behaviour towards large step heights 
with a cut-off of the distribution at about s=0.5. . .0.711m. As mentioned previously, the 
first four deformation steps shown in Figure 12 were recorded with a lower resolution 
than the last two. To partly compensate for this, AFM-scans were taken for these four 
deformation steps (0%, 0.7%, 3.5% and 6.5% deformation) in addition to the SWLI 
images. The results for the logarithmic binning for the profiles extracted from these 
AFM-scans are shown in Figure 13. 
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Figure 13: p(s) determined for AFM-profiles of LiE 2. For the first two plots (0% and 1.3% 
deformation) no power-law or possibly a high exponent are observed. The distribution 
determined for 3.5% of deformation is well described by a power-law with an exponent of r=-
1.5. In case of the highest deformation it is difficult to decide whether an exponent of r=-1.5 or 
an exponent closer to v=-1.4 are better suited to describe p(s) due to relatively large scatter of 
the data. 
We observe a very similar behaviour for the profiles taken in the AFM- scans as we saw 
above for the Zygo-profiles. The step height distribution of the undeformed surface is 
again characterised by a rapid decay towards larger heights. The distribution found for 
1.3% plastic strain could possibly be described by a power-law with an exponent larger 
than r-1.5, but already the p(s) determined for 3.5% strain is best described by an 
exponent of r=-1.5 over about two orders of magnitude. In case of the highest 
deformation step shown (6.5% strain) relatively large scatter in the data is observed but 
an exponent of about r=-1.5 appears to be a good fit. 
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5.2.3 Summary and Discussion 
The AFM surface maps shown in the beginning of this section paint a similar picture to 
what was observed in the case of KCI. In the beginning of deformation we see areas on 
the crystal surface undisturbed by slip lines next to regions of high slip line density 
(Figure 3). For the images recorded for LiF this is only visible on the 2x2.im scan, but 
that can be attributed to the smaller lattice parameters of LiP and the slightly higher 
deformations the images were taken at compared to KC1. On the surface maps taken at 
high strains (Figure 4) we again observe continuously changing slopes. The large AFM 
surface scans (150x150im) in combination with the corresponding detail images 
(lOx 10tm and 2x2tm) demonstrate that deformation-induced features exist on many 
length scales. However, there are also some differences observed when compared to the 
KC1 images of the previous chapter. Apart from the smaller lattice parameter creating a 
more densely packed structure, we also observe less dislocation cross-slip on the surface 
leading to more discret steps visible on the surface creating a "cleaner" look of the 
recorded images. This is most likely also responsible for the fact that even on the SWLI-
maps shown in Figure 5 these discret steps are still discernable. Whether this is due to an 
intrinsic property of LiF [35] or the higher impurity content of the crystal will not be 
further assessed here. The higher impurity content becomes noticeable in the, with about 
5-7MPa, increased yield-stress observed in the stress-strain curves for both samples LiF 
1 and 2 (Figure 6 and 8). Otherwise the stress-strain curves recorded for the two samples 
show the same two-stage behaviour as discussed in Chapter 3. 
Looking at the profiles extracted for LiF 1 (Figure 7) we see that there is again 
agreement with what was observed for KCI. The overall rms-roughness of the profiles 
increases with increasing strain (Figure 6) and while the profiles are subject to strong 
morphology changes at low deformations, persistent features start to emerge as the 
sample enters stage II of the deformation. This emergence of persistent features is also 
visible in the SWLI maps displayed in Figure 5. 
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The roughness exponents emerging when the profiles are subjected to the rms-variable 
bandwidth method (Figure 10) outlined in Chapter 2 are in line with what was observed 
for KCI. The undeformed surface shows an exponent close to =0.5 indicating a random 
distribution of the surface steps at least on the scales investigated here. Within the first 
two deformation steps (0.7% and 1.5% of plastic deformation) the roughness exponent 
reaches a value of around =0.75. . .0.8 and remains at this level till the conclusion of our 
experiment at 12% plastic strain. Combining the data obtained by AFM and SWLI 
allows us to assess the surface roughness over an even wider range of length scales. In 
Figure lOb) we observe that the roughness exponent of about =0.75 is suitable to 
describe the surface over more than 5 orders of magnitude with no intrinsic cut-off 
visible. Towards long length scales the scaling is only limited by the limited length of 
our extracted profiles. In order to distinguish between multi- and self-affine scaling, 
higher moments of the height-height correlation function C(q,L) (see Chapter 2 function 
2.5) were assessed (Figure 11) and no significant dependency of the determined 
exponent on q was found for the profiles extracted from the surface of the deformed 
crystal. The exponent for the undeformed crystal surface did exhibit q dependency 
possibly caused by small dirt particles or noise in the measurements. The q-
independence for the deformed surface indicates genuine self-affine behaviour under the 
assumption of sharp surface steps and as we elaborated in the discussion in Chapter 4 a 
roughness exponent above =0.5 indicates long range correlations in the strain pattern 
underlying the measured surface step pattern. This result is in line with published 
findings [48-50]. 
The probability density distributions p(s) show the same general behaviour as the ones 
we determined for KCI, however, with a few notable exceptions. In case of the Zygo 
data (Figure 12) we observe power-law behaviour for the deformation steps above 3.5% 
plastic strain. Below that no power-law scaling or possibly an exponent more in the 
region of r=-2 is observed (3.5% deformation). The exponent describing the power-law 
best for 6.5% and 8% of plastic deformation is r=-1.5 while for the last recorded 
deformation step a value closer to r=-1.3 is observed. We interpret this again as the 
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effect of event superposition taking place at large strain values leading to a tilting of the 
distribution towards too high exponents (see also Chapters 2 and 4). For 12% plastic 
strain we observe an intrinsic limit to the scaling regime towards large step heights 
This limit to the scaling regime appears with 0.5.. .0.71.im to be lower than what we 
observed for KC1 (around 1. . . 2j.tm). This is explained by the fact that LiF has a Burgers 
vector of about half the length of the one found in KCI. All deformation induced surface 
steps scale with the length of the Burgers vector and, hence, the maximum step found for 
LiF is about half the size of what we saw in the case of KC1. 
For the AFM-data (Figure 13) an exponent of r=-1.5 is observed earlier than for the 
SWLI-data. The distribution is well described by an exponent of r=-1.5 already at 
abound 3.5% plastic strain. The last deformation step recorded by AFM shows relatively 
large scatter, but the p(s) still seems to be governed by an exponent around t=-1.5. This 
variation in the exponent found for AFM and SWLI is most likely due to the random 
locations the surface maps were taken at in the AFM case. This in combination with the 
complicated spatial distribution of slip can lead to certain areas lagging behind in 
deformation or being ahead of the average deformation of the crystal. 
Overall we find a very similar picture for LiF as we saw for our KCI samples in Chapter 
4. The deformed surfaces show the same self-affine behaviour with an exponent around 
C=0.75 indicating long range correlations and the step height distributions determined 
from the surface profiles can be described by the same power-law exponent around r=-
1.5. We also observe the same artefacts created by event- and distribution superposition, 
namely too low exponents or no power-law behaviour at low deformations and values 
above r=-1.5 for exponents at high deformations. This is despite the presence of higher 
impurity levels in the crystals resulting in the elevated yield-stress we observe in the 
stress strain curves. 
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6. Experimental results and analysis: irradiated LiF 
In this chapter we present our findings for irradiated LiP. Irradiation leads to the 
formation of defects in the crystal structure and as a result dislocation motion is hindered 
and the yield stress increases. In the first section of this chapter we briefly discuss the 
deformation behaviour of irradiated LiP and then move on to the second section where 
we again focus on the results and analysis of the surface metrology. 
6.1 Deformation behaviour of irradiated LiF 
To illustrate the deformation behaviour of irradiated LiF and illustrate the differences 
introduced by the irradiation, we look at tensile testing data and birefringence images. 
6.1.1 stress-strain data and birefringence images of irradiated LiF 
Below, the stress strain curves of an irradiated LiF sample and a sample taken from the 
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Figure 1: Stress-strain dia grains of irradiated and annealed L1F. For irradiated LiF, an 
increased yield stress and very low hardening or even softening is observed in Stage I. 
Annealing leads to a significant drop in yield stress and recovery of the Stage I behaviour 
observed for unirradiated LiF. 
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After annealing the previously yellow samples became colourless which indicates a 
reduction in colour centers (see Chapter 3). As we can see from Figure 1 the yield stress 
dropped from about 17 MPa before annealing to around 2 MPa after the heat treatment. 
During the heat treatment the sample was heated up to 300°C and then slowly cooled 
down to about 160°C where it was kept for 24h. Afterwards the oven was turned off and 
the sample left to cool inside (cooling rate about 50°C/h). The details of the heat 
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The change in deformation behaviour indicates that the increase in flow stress is the 
consequence of irradiation defects which recover during annealing, and and not of 
impurities. The stress/strain curve of the annealed sample looks similar to what we 
observed for KCI in Chapter 4 and unirradiated LiF in Chapter 5. After yield we can see 
low linear hardening (Stage I) which at around 5% plastic strain turns into a increased 
non linear hardening (Stage II). The irradiated sample shows different behaviour. In 
Stage I even lower hardening is observed than for the annealed sample, and towards the 
end of Stage I (around 3% plastic deformation) even macroscopic softening is observed. 
The irradiated sample then enters Stage II showing non-linear hardening until failure at 
around 11% plastic deformation which is about 6.5% earlier then for the annealed 
sample. 
Looking at the birefringence images taken of the deformed irradiated LiF (Figure 3), we 
notice that the birefringence lines appear more localised and finer than in the case of 
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KCI. Already at a plastic deformation of 0.6% we can see distinct bright lines indicating 
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strain. Sharp, distinct lines of high dislocation density can be seen at these low strains. Image b) 
was taken at 12% strain and in addition to the two orthogonal slip systems the activation of one 
of the secondary slip systems can be observed. 
Figure 3b shows an image taken at high deformation (about 12% plastic strain ) and here 
we can even see evidence of one of the secondary slip systems being activated. In 
general it could also be observed that the irradiated samples tended to deform in a more 
complex manner than the unirradiated ones. Often, in the very beginning of deformation 
only one primary slip system became activated but at slightly higher strains more than 
two active primary slip systems could be observed either in different parts of the sample 
(block glide) or even in the same region of the sample. For one of the samples (LiF1) 
deforming in block glide, two orthogonal crystal surfaces were monitored by SWLI and 
the results will be shown in later sections. Figure 4 shows two orthogonal faces of an 
irradiated sample that has been deformed to about 2% plastic strain. The patterns visible 
in cross polarised light are more distinct on the face depicted in image a). However some 
activity is also visible on the orthogonal face depicted in image b). In image a) we can 
also see a large area deforming in single slip towards the bottom right of the picture. 
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Figure 4: Complex defbr,nalion behaviour: Birefringence images taken on two orthogonalfaces 
of a deformed crystal (1% plastic strain) show slip line activity on two orthogonal faces 
although the face shown in image a) is seeing most of the deformation. In image a) also large 
areas of single slip are visible. 
6.1.2 Summary 
The annealed LiF single crystals show very similar deformation behaviour to the KCI 
single crystals. After a low linear hardening in the beginning of deformation (Stage I) 
the crystal shows increased non linear hardening until failure (Stage II) and no clear 
Stage III (decreased hardening) is observed for the crystal. The recorded flow stress is in 
the region of what was observed for KC1 and considerably lower than the one found for 
the LiF samples in the previous chapter indicating very high purity of the samples. 
For the irradiated samples a different behaviour is observed. As a result of the irradiation 
the yield stress is greatly increased by the formation of irradiation defects as discussed in 
Chapter 3. That this increase in the flow stress is the result of irradiation damage can be 
deduced from the behaviour of the sample after annealing at 300°C. The annealing leads 
to a strong reduction in the flow stress as the disappearance of the yellow colour of the 
LiP crystals indicates recovery of the radiation-induced point defects. 
The irradiated samples go through the same stages of deformation as the annealed ones, 
namely low linear hardening at the beginning of deformation and increased non linear 
hardening towards higher deformations. However, during Stage I the irradiated samples 
136 
Chapter 6 	 Experimental results and analysis: irradiated LiF 
show much lower hardening and even macroscopic softening. This can be attributed to 
the strain softening that is expected due to the interaction of the irradiation defects with 
the dislocations moving through the crystal. Dislocations moving through the crystal 
may sweep up the irradiation damage in their path leading to strain softening, dislocation 
channelling [38} and the formation of preferential slip planes. The birefringence images 
recorded for the irradiated samples indicate a more complex deformation behaviour 
compared to unirradiated LiF and KC1 , with large areas of prevalent single slip at low 
deformations and the, albeit rare, activation of oblique slip systems at high deformations. 
6.2 Surface metrology 
As in the previous two chapters we first show some images created from AFM- and 
SWLI-scans of deformed irradiated LiP samples. Then we proceed to our more 
advanced surface analysis using the tools introduced in Chapter 2 and conclude with a 
discussion of the findings of this chapter. 
6.2.1 Surface maps 
Below we show some surface maps recorded on deformed irradiated LiF. Due to the 
high degree of slip localisation in irradiated LiF, it is difficult to find areas containing 
slip lines using the small field of view of the AFM (150x150.tm). Accordingly, the 
emphasis is put more on the SWLI images here. 
AFM 
Two surface maps taken of the same area on the crystal at the onset of plastic 
deformation are shown in Figure 5. 
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Figure 5: Two scans were taken at small deformation (— 0.5% plastic strain). The I 50um scan 
illustrates the rareness of slip events with only one slip line being visible (the line running top to 
bottom in the image). A large cleavage step is visible running left to right. The 10pm scan shows 
the sharpness of the deformation step. 
The high localisation of slip is evident here as only a single sharp slip line is visible on 
the surface running top to bottom. (The large step in image a) traversing the surface left 
to right is a step left behind from cleavage.) The smaller scan in Figure 5 (lOx 1 Oltm) 
illustrates the sharpness of the slip step compared to what we observed for KC1. In the 
case of KCI at a comparable strain (about 0.3% strain), initial slip bands themselves 
consisted of smaller steps easily resolved on a scan of this size. Figure 6 below shows a 




Figure 6: Image taken at 3% 
plastic strain. Even at this higher 
strain only three large slip steps 
are visible running top to bottom 
in the scanned area. This 
 
.11  M ri s%, 0 SM-0— 
illustrates the strong localization 
of deformation in irradiated LiF. 
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Even at this larger deformation only a few highly localised slip lines are visible. Due to 
the problem of locating 'slip events' on the small-scale AFM images we will from now 
on focus on the SWLI images which cover larger areas of the crystal surface. 
SWLI 
SWLI images (680x1301m) were taken of the sample (LiF1) which deformed in block 
glide (two different sets of orthogonal primary slip systems become activated in 
different areas of the crystal). On this sample two orthogonal faces (referred to as Face I 
and Face 2) were monitored. Figure 7 shows the evolution of Face 1 through the 
deformation steps. 
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Figure 7: Sample LiF 1: Surface evolution of Face 1: SWLJ images (680x1 30.un) at different 
strain values. The high localisation of slip in a few slip steps is most visible in the image for 
0.6% plastic deformation with flat terraces connecting these steps. The density of slip steps then 
increases with increasing strain as new slip lines fill the gaps between the initial slip steps. For 
8.2% strain the surface resembles what we observed for unirradiated LiF. 
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The strong localisation of slip in the irradiated crystals is immediately visible in these 
images. During the first three deformation steps we observe the same general picture of 
sharp slip steps connected by very flat terraces. Only the number of slip steps increases 
and, hence, the distance between the steps reduces with increasing strain. The maximum 
height differences on the surface decrease rather than increase with strain as the gaps 
between the slip steps are slowly filled by other slip steps. However, for the last 
deformation step (8.2% strain) the picture changes and the surface starts to resemble the 
ones we recorded for the unirradiated LiF. Figure 8 shows the evolution of Face 2 of the 
same crystal. 
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Figure 8: Sample LiF 1: Surface evolution of Face 2. SWLI images (680xl30jun)at different 
strain values. Face 2 develops through the same general stages as Face 1, but at an increased 
pace with the image taken at 1% strain already showing extended regions of high slip line 
activity. The image taken at 4.8% strain shows a large amount of macroscopic bending. 
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The surface shows the same general behaviour as Face 1 with highly localised slip steps 
in the beginning of deformation and a recovery of the "normal" behaviour towards 
higher strains. However, Face 2 appears to 'see' more deformation (i.e., the two slip 
systems producing steps on this surface carry a larger amount of the total strain) and the 
surface morphology develops faster. On the last image (4.8% strain), the macroscopic 
bending of the crystal obscures the slip step details on the surface. Figure 9 shows a 
direct comparison of the two faces for 4.8% strain. A best fit fourth order polynomial 
has been subtracted from both images to eliminate the effects of macroscopic shape 
change of the specimen and allow for better comparison. 
	
+447.60 	Face2 	 +330.30 
I 	4.8% strain 	 I I nm j 	 nm 
-328.48 	 -204.46 
Figure 9: Comparing the two faces at 4.8% plastic strain. While Face I still shows very sharp 
slip steps separated by flat terraces, . we see a continuous 'mountain landscape' similar to 
unirradiated LiF emerging on Face 2. 
Face 1 still shows localised slip while Face 2 already resembles the 'mountain 
landscape'- type surface maps we saw for unirradiated LiF at larger strains. 
6.2.2 Quantitative analysis 
In this section we first present our findings for the crystal deforming in block glide 
(LiF 1) and then show the analysis of another irradiated LiF sample (LiF2) that was 
cleaved from a different large crystal. In Figure 10 the stress-strain diagram of LiF 1 is 
displayed. The open circles give the rms roughness of Face 1 at the corresponding 
strains and the open squares the rms roughness of Face 2. For the undeformed surface 
only the roughness of Face 1 is shown as the initial roughness values were very similar. 
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Figure 10: Stress-strain diagram and i-ms hardness evolution of LiFJ. The stress-strain curve of 
the LiFI sample is shown alongside i-ms-roughness values calculated separately for the two 
faces of the crystal at the respective strains. For both faces the mis-roughness shows a 
maximum at small strain, which is reached at a lower strain for Face 2. 
The rms roughness behaves in a markedly different manner from what we found for KC1 
and unirradiated LiF. Instead of a monotonous increase of roughness we find the 
roughness showing a local maximum at a very early stage of deformation. Then the 
overall surface roughness drops and afterwards possibly slowly increases in case of Face 
1. Again, Face 2 seems to be slightly ahead in its development, going through its 
maximum earlier and showing an increase in roughness after the initial dip in the rms. 
The profiles for Face 1 shown in Figure 11 support our above findings. Initially, 
deformation is strongly localized in discrete steps, and only at larger strains a continuous 
surface morphology is recovered. 
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Figure 11: Surface profiles of LiF] (Face 1). The profiles taken on Face 1 for the lower 
deformations (up to 4.5%) show a distinct "rooftop" shape characteristic of single slip. At these 
lower strains a high degree of slip localisation is observed as deformation is concentrated in a 
few sharp slip steps. The number of steps increases with strain and for the last profile (8% 
strain) a picture similar to the ones we observed for unirradiated LiF emerges. 
The results of the rms variable bandwidth analysis for the two faces are shown in 
Figures 12 (Face 1) and 13 (Face2). 
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Figure 12: Rms-analysis of Face 1 profiles. For the two lower strains (0.5% and 1.591o) an 
exponent above =0.8 is observed. As deformation increases a roughness exponent of around 
=O. 7 is observed. 
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Figure 13: Rms-analysis Face 2. A roughness exponent around =0. 75 is already observed for 

















Figure 14: Evolution rp 
0.20 
and C The evolution of the 
	
• 	0.15 	two fit parameters is 
shown for Face I (plot a) 
o 	0.10 	
and Face 2 (plot b). For 
• roughness expc 	0.05 	Face 1 C increases to 
or P 	 about 0.9 at 0.5% strain 
000 	
then decreases to about 
1 025 o. 
0.7 at 8% strain. In case 
• 	 of Face 2 the exponent 
0.20 	
already reaches a value 
0.15 	around 0.75 for 0.5% 
o 	 strain and remains there. 
o 	0.10 
For both faces rp goes 
0.5 1 	• roughness exp 	0.05 	through a maximum at 
° r 
	
low strains and then 
0.00 
0 	2 	4 	6 	8 	 decreases again. 
compressive strain [%] 
0.6-I 
Chapter 6 	 Experimental results and analysis: irradiated LiF 
A straight line of the type: 
Y = rp ( 400 j' 	 6.1 
has been fitted to the curves obtained by the rms-variable bandwidth method for the 
different strain values. Here r is then the rms roughness for a profile of 200nm length 
and the roughness exponent. The results of this fit for both faces are summarised in 
Figure 14. 
For Face 1 at low deformations (0.5% strain) an exponent around =0.9 is found. During 
the next few deformation steps the exponent decreases to the level we saw for 
unirradiated LiF and KC1 with a value around =0.7. The r value first increases between 
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0.5% and 1.5% strain. Then it decreases again which is in line with what we observed 
for the evolution of the rms calculated for the whole profile length in Figure 10. In case 
of Face 2 the overall roughness decreases with increasing strain and the surface is 
already for 0.5% strain well described by a roughness exponent of ç=0.75. This is the 
effect of the faster development of Face 2. No multi-scaling is observed for the two 
surfaces for any of the strain values above the undeformed surface. It is not possible to 
decide for us whether this is due to a tilting of the surface steps as discussed in Chapter 2 
or genuine self-affine behaviour. 
Surface step height distributions for the two faces were first obtained by logarithmic 
binning of the step heights. These distributions are given in Figure 14 (Face 1) and 15 
(Face 2). For the irradiated LiF a distinction between slip steps caused by deformation 
and the corresponding terraces is possible at least for the first few strain values at which 
data were recorded. Accordingly, both distributions are displayed in the figures and 
where possible the nature of the steps (slip steps or terraces) is indicated. 
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Figure 13: p(s)for Face 1. No scale free behaviour of the step height distributions is observed 
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Figure 14: p(s) for Face 2. While no power-law behaviour is observed for the lower 
deformations (0.5% and 1.5% strain), at larger deformations (8% strain) the step height 
distribution may show scale free behaviour with a power law exponent around r=-1.5. 
The distributions on Face I do not appear to be governed by power-law behaviour for 
any of the deformation steps. However, in case of Face 2 the step height distribution at 
the largest strain appears to by well described by a power-law with an exponent of t=-
1.5 for both positive and negative steps. In order to get a clearer picture of the early 
stages of deformation we now turn our attention to the LiF2 sample as here the bias 
caused by the block glide is removed and Stage I was more pronounced. 
The second LiF sample (LiF2) was cleaved from a different large crystal and the stress-
strain diagram is shown in Figure 15. 
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The sample had a yield stress of around 10 MPa which is slightly lower compared than 
LiF 1, and it failed just after entering Stage II. This was generally observed for samples 
cleaved from this specific large crystal. The initial macroscopic softening of the crystal 
is more pronounced for this sample. Some profiles extracted from the sample are shown 
in Figure 17 and the same surface pattern we saw for LiF 1 are visible with strong slip 
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Figure 16: Surface profiles of LiP 2. The profiles show the same general features as those from 
LiF I with sharp slip steps that increase in number with increasing strain. 
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Again, logarithmic binning of the step heights does not reveal any indications of scale-
free behaviour for the lower strain steps. To better elucidate the nature of the 
distributions, we therefore take a look at the cumulative distributions P(s) as determined 
from rank-order statistics (Figure 19). This has the advantage of integrating over the 
statistical noise in the recorded data and may help to identify characteristic scales. (On 
the other hand, cumulative distributions determined by rank ordering are prone to skew 
the exponents of power laws and introduce spurious cut-offs into scale-free 
distributions). 
I slope -0.55 I 
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Figure 17: Cumulative step height distribution P(s) for slip steps on LiF2. At small deformations 
(0.5% and 1.5% strain) the distributions are well described by summing two exponential decays. 
For the last deformation step (3.5% strain) the cumulative distribution shows indications of a 
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The cumulative step height distributions at small strains (0.5% and 1.5%) can be well 
described by summing two exponential decays: 
y(x) = (1— A)exP( 	
) 
+ A exp) 	 6.2 
The respective fits are shown in Figure 17 as black lines. This shows that in the early 
deformation steps we do not find scale-free behaviour but rather two characteristic 
length scales. The fit parameters are given in Table 1, together with an approximate 
average step width of the slip steps determined from the extracted profiles. 
Sample strain [%] x 1 #I A x2 82 mean step width 
LiF2 0.5 0.55nm 1.2 0.08 13nm 0.9 3.76 
1.5 0.6nm 1.2 0.12 l8nm 1.2 3.91 tm 
3 1 	1.5nm 1 0.5 lOnm 05 4.12 ltm 
Table 1. Fit parameters for the LiF2 profiles at 0.5% and 1.5% strain. In addition we give the 
average width of those steps that are higher than 5 nm. 
The parameter Xi gives us the first characteristic step size of the system. For both 
samples it is in the range of xi=0.5 ... 0.6nm. These very small steps are close to the 
vertical height resolution of the interferometric measurements and can be attributed to 
instrument noise. x2,  on the other hand is characteristic for the slip steps in the early 
stages of deformation and the trend in this parameter shows a slight increase in the step 
height. The parameter A, hence, gives the fraction of deformation-induced steps and its 
increase can be attributed to the increase in the total slip step number. 
P(s) for last deformation step (3.5% strain) can be reasonably well described by a power 
law with an exponent of r-i-1 = -0.55. It can also be fitted with by summing two 
exponential decays, but the parameters are quite different from those for the other two 
deformation steps, indicating a change in mechanism. 
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6.2.3 Summary and Discussion 
The differences in deformation behaviour between irradiated and unirradiated LiF 
discussed in the first section of this chapter in relation to the stress-strain curves are also 
visible on the recorded surface maps. At lower deformations slip lines are highly 
localised and areas of slip activity become hard to locate using the small field of view of 
the AFM. The AFM-scans taken of slip lines at these deformations further illustrate the 
strongly localised nature of deformation as slip lines appear to be very narrow. The 
SWLI images are better suited for the surface investigations due to their larger field of 
view. They reinforce the impression of localised slip in the first stage of deformation, 
where the surface morphology is characterized by sharp slip steps separated by flat 
terraces. Even on the large SWLI-maps the "rooftop" shape associated with localized 
single slip is clearly visible. The picture changes at larger strains where the surface starts 
to look more akin to the surfaces recorded for unirradiated LiF and KCI. The same 
development is visible in the extracted profiles. We interpret the high slip localisation in 
the beginning of deformation as a result of the microstructural softening (dislocation 
channelling): Dislocations moving through the crystal partly "sweep" the irradiation-
induced defects in their slip path, making it easier for following dislocations to move on 
the same or closely neighbouring slip planes. This leads to the highly localised slip steps 
we find on the crystal surface as well as the observed softening at the beginning of 
deformation. Eventually large areas of the crystal have been healed by the passing 
dislocations and it starts to recover the behaviour found in the unirradiated samples. 
The results of the rms-analysis of Face 1 can be understood in terms of the high 
localisation of slip. This localisation causes steps of approximately equal height to 
emerge on the surface, these are separated by slip terraces which manifest themselves as 
long straight regions in the profiles. This leads to a high roughness exponent of =0.9 
which is close to exponent that would be expected for an inclined surface (=1). The 
easiest self-similar object in 2D is a straight line and the analysis methods used by us are 
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known to be sensitive to drifts in the analysed data [30]. For higher deformations the 
exponent of about g=0.7 that we saw in the case of KCI and unirradiated LiF is 
recovered. The initial increase and then decrease of r is in line with the behaviour of the 
absolute rms-roughness displayed in Figure 10. It is caused by the formation of sharp 
slip steps at the onset of plastic deformation and the subsequent filling of the gaps 
between these large steps with new slip steps. Face 2 shows in general a faster 
development of the surface and this is also visible in the rms-analysis. Already the 
profiles extracted for the first deformation step (0.5% strain) show an exponent of about 
ç=0.75 and r is decreasing with increasing strain. 
This recovery of the behaviour observed in KCI and unirradiated LiF after an initially 
differing behaviour is also visible in the step height distributions p(s) of the two samples 
discussed in detail in section 6.2.2. For LiF1, the difference in speed of morphology 
evolution on the two faces results in recovery of the power-law behaviour only for Face 
2 and only for the last deformation step recorded. The exponent for this last deformation 
step is about r=-1.5 for the step height probability density function p(s). This exponent is 
the same as we found in the case of unirradaited LiF and KC1. 
For LiF2 the cumulative probability distribution P(s) was analyzed and the recovery of 
scale-free behaviour is also observed here at the largest deformation (3.5% strain). At 
this deformation step P(s) can be described by a power law with an exponent of about 
r+i =-0.55. This exponent is in line with the exponent r— -1.5 for the probability density 
function as the cumulative distribution P(s) is the integral of p(s). 
For the earlier deformation steps a different behaviour of the step height distributions is 
observed. The cumulative distributions P(s) for the initial deformation step heights 
shows characteristic step heights rather then scale free behaviour. Two characteristic 
height scales are observed. The first characteristic scale (around 0.6 nm step height) can 
be attributed to the noise in the measurements. The second scale at larger step heights is 
caused by the plastic deformation. However, the trend in this parameter is not very 
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conclusive. The same has to be said of the step width which does show a slight increase, 
but this is possibly caused by the removal of the surface waviness during the profile 
extraction. The subtraction of a higher order polynomial might lead to a small tilting of 
the steps obscuring their true width. What we do observe is an increase in the number of 
slip steps on the surface during these early stages of deformation. This increase is visible 
in the fit parameters of the double exponential decay where the contribution of the slip 
steps increases. The increase in the number of steps is also visible on the surface maps 
and extracted profiles. 
We interpret the observed behaviour as the result of the local softening of the material 
due to interactions between dislocations and localized irradiation-induced obstacles. The 
local stress-strain curve can be schematically envisaged as shown in Figure 18. 
Figure 18: Local stress-
strain curve (schematically). 
After initial strain softening 
the work hardening of the 
crystal leads to recovery of 
the original yield stress c i 
after a characteristic amount 
of strain 8recove, 
Etoc 
As the local yield stress u,, 10, is reached, the first few moving dislocations remove some 
of the obstacles in their slip path leading to local softening. Dislocations then move 
preferentially on this slip plane until after a characteristic strain Crecovery  the work 
hardening on this plane causes the local flow stress to reach a level similar to the 
surrounding crystal and another slip plane is activated. On the surface, the characteristic 
strain 8recovery creates a step with a characteristic height as we observed for low 
defonnations. We also observed the increase in the number of slip steps on the surface 
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which is caused by the shutting down of old and subsequent activation of new slip 
planes. This process of forming slip steps of a characteristic height is fundamentally 
different from the mechanism we observed during 'normal' work hardening which led to 
scale free step height distributions. In the case of local softening, the local 
microstructure evolution dominates the deformation behaviour whereas collective 
behaviour mediated by long-range dislocation/dislocation interactions seems to be of 
secondary importance. However, for large deformations the local softening becomes 
exhausted and we recover the usual work hardening behaviour and concomitant scale 
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7. Summary and Conclusions 
In this thesis the spatial inhomogeneity of plastic deformation in alkali halide single 
crystals has been investigated. We deformed LiF and KCI single crystals of high purity 
in compression and recorded surface maps of these at different strains. In the case of LiF 
we investigated the deformation behaviour both of irradiation hardened and unirradiated 
crystals. In all cases the surface roughness of the deformed crystals provides a record of 
the motion of dislocations, the discrete carriers of slip in these crystals. 
By combining AFM and SWLI measurements we found self-affine scaling over almost 6 
orders of magnitude for the pure crystals. The value of the roughness exponent was 
determined to be around 0.7. . .0.8 and no intrinsic limit to this scaling was observed. 
Initially detected multi-scaling could be attributed to surface spikes and cleavage steps 
in the profiles and disappeared after their removal. Assuming sharp surface steps this 
indicates self-affine scaling. The self-affine scaling implies long-range correlations in 
the surface height fluctuations and the underlying strain fluctuations 8y=y-<Y>. In 
physical terms this can be interpreted as a clustering of surface steps. In this respect the 
measured profiles differ from the simple models we developed in Chapter 2. In the 
models, steps drawn from a truncated Levy distribution were placed either at random or 
in an anti-correlated manner by locating them at the point of the lowest strain. A 
roughness exponent of similar value to the one observed for the real surface profiles 
was found for window sizes up to the mm range. In the case of the model profiles this 
exponent was evidently caused by the step height distribution itself and not by 
correlations in the step placement on the surface. However, the thus simulated profiles 
showed multi-scaling, indicating that the scaling observed for the measured profiles is 
possibly related to correlations in the arrangement of the elementary steps and not 
simply a consequence of the power law behaviour of the step height distribution. 
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Our simple numeric models advise for caution when interpreting the multi-scaling 
analysis, though. We could show that if a small characteristic step width is assigned to 
the surface steps and every other step and step distribution parameter is identical, the q-
dependence of the height-height correlation function C(q,L) that was observed for sharp 
steps vanished. It appears then, that only very sharp steps with a characteristic width in 
the range of the elementary step width of the profile lead to multiscaling. In the case of 
experimental profiles this might have consequences for the applicability of the multi-
scaling analysis to distinguish between self-affine and multi-affine profiles as the 
macroscopic shape change of the crystals during deformation may lead to tilting and, 
hence, apparent broadening of surface steps. 
The probability density distribution p(s) of the surface step heights was found to be 
governed by a power law with an exponent around r=-1.5 over almost 3 orders of 
magnitude. Towards high strains and at very small strains we could show by using our 
numeric models that the influence of event and distribution superposition prevents us 
from observing the true value of the exponent. In our experiments we found a cut-off to 
this power law behaviour towards large surface step heights. The absolute value for the 
cut off depended on the material investigated and appeared to be proportional to the 
Burgers-vector of the respective material. It was found to be in the range of 0.7 im (LiF) 
to 2 pm (KCI). This cut-off has been predicted theoretically [33] but the present study 
provides the first direct experimental evidence. 
The value of the power law exponent is in agreement with the exponents governing the 
energy distribution of acoustic emission bursts in acoustic emission experiments on 
plastically deforming ice and the size distribution of strain bursts observed during 
deformation of micro- and nanopillars of nickel and molybdenum [3, 19, 531. The good 
agreement between the exponents indicates a one-to-one correspondence between strain 
bursts and surface steps and it appears that every strain burst generates one step on the 
crystal surface. The combination of these findings paints a picture of plastic deformation 
that is at odds with classical continuum theories. Instead of a smooth and lamellar flow 
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often assumed by continuum theories of plastic deformation we find plastic deformation 
to proceed in a highly localised and burstlike manner. On large scales the cut-off found 
in the step height distributions lets plastic deformation appear smooth, as the 
superposition of many relatively small events (relative to the sample size) leads to an 
averaging out over the sample. This is an important observation as otherwise our results 
would be at odds with what has been observed by material scientists over the last 
centuries. After all it is these observations that have lead to the continuum description of 
plastic flow which works well in describing material behaviour on large scales. 
However, as we approach the micrometer range the picture changes and the localized 
and intermittent nature of microplasticity starts to govern the materials deformation 
behaviour. This may have important implications for example in view of material 
formability on micro and nano-scales where discrete dislocation simulations show that 
it becomes impossible to form for example a smooth ring shape on these scales [32]. 
In case of the irradiation hardened LiF we found during the early stages of plastic 
deformation a quite different behaviour. Instead of a power law distribution of surface 
steps we observed an exponential decay for p(s) which was characterized by a single 
characteristic step height. For higher strains, the power law distribution with an 
exponent r=- 1.5 was recovered. This can be understood in terms of strain softening 
behaviour displayed by the irradiation-hardened material after yield. At the onset of 
plastic deformation local softening of active slip planes leads to strongly localized 
deformation as dislocations remove irradiation-induced defects along their glide path, 
whereas dislocation/dislocation interactions become of subordinate importance. The 
overall surface morphology is characterized by sawtooth-like profiles which lead to a 
roughness exponent close to unity. With increasing strain the number rather than the 
amplitude of the 'sawteeth' increases, leading to an almost constant overall roughness. 
At higher strains, however, the local softening becomes exhausted whereas the 
dislocation density strongly increases. In this regime, the collective behaviour of the 
dislocations starts to determine the plastic deformation behaviour of the material 
resulting in the same type of power-law step height distribution as in the unirradiated 
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material. At the same time, the roughness exponent of the surface decreases towards the 
value of about C=0.7 characterizing the profiles from unirradiated crystals. 
Future work will have to address the question of the self-affinity of the deformed 
surfaces and the correlations between surface steps in greater depth. The step height 
distribution we find on the deformed surfaces may lead to a roughness exponent of 
around =0.7 as we saw for our model surfaces in Chapter 2. At the same time the multi-
scaling analysis loses its sensitivity for distinguishing between self-affine and multi-
affine scaling in the presence of non-singular steps which makes it difficult for us to 
decide whether we are dealing with a truly self affine surface and to assess the 
corresponding implications for the spatial step distribution on the surface. In this context 
a more detailed analysis of the spatial pattern of steps, similar to the analysis of temporal 
correlations in burst series carried out e.g. for seismic data, may be desirable. Such an 
analysis may, on the other hand, not be an easy task since our spatial 'burst series' are 
limited by the profile length and may contain insufficient data for such an analysis. 
In view of the step height distributions it would be of interest to establish a more direct 
link between the surface steps distributions and the strain bursts observed in micro-pillar 
experiments. We find very strong indications that there exists a one-to-one 
correspondence; however a more direct link could be established by measuring the 
surface roughness of such deformed micro pillars. It should then be possible to link 
every strain burst observed in the stress-strain graph of a given crystal to one of the steps 
found on the surface of that crystal. 
An interesting extension to the present work would be the investigation of metal-single 
crystals such as Cu. By extending the investigations to a completely different class of 
materials the generality of the surface phenomena observed for salt single crystals in the 
present work could be demonstrated. Furthermore, metal-single crystals could be 
deformed in tension rather then compression removing some of the macroscopic bending 
observed in our salt compression samples and allow to investigate higher levels of 
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deformation due to their greater ductility. Initial experiments in this direction by the 
author encounter problems in the surface preparation of the samples. The required high 
flatness of the crystals made it necessary to employ a combination of mechanical and 
electro-chemical polishing, especially as the surface of the available Cu single-crystals 
had oxidised to a considerable extend. The idea of combining the two polishing 
techniques was to remove the hardened surface layer created by mechanical polishing by 
using the electro-chemical polishing in a second step. Unfortunately the extend of the 
hardened surface layer is difficult to estimate and its presence leads to slip line 
formation which is not directly connected to the spatial distribution of slip in the bulk. 
Dislocation pile-ups are formed underneath such a hardened surface and as the stresses 
in these increases some of them break through the hardened layer forming very large 
steps on the crystal surface. Accordingly, this has to be avoided by improving the 
polishing technique and ensuring that no such hardened layer is present. The easiest way 
to do so would be by hardness testing the sample after the electro-chemical polishing 
and extend the polishing step if necessary until the hardness value has reached a level 
close to what would be expected of a undisturbed crystal. 
Future work could also address to the event- and distribution superposition we observed 
on the salt-single crystal surfaces. Although our simple simulations indicate that this is 
the cause for the change in the observed power-law exponent t with increasing strain, 
experimental evidence could be provided, by polishing the crystal surface after every 
successive deformation step. This would eliminate the superposition of steps. However, 
first a surface polishing procedure has to be developed that would provide surfaces of 
sufficient quality in terms of flatness. 
From a more technological point of view the limited formability of materials on small 
scales might become an issue in the future as miniaturisation is a major trend in modern 
technology. It is important then to be able to "control" the spatial intermittent character 
of plastic deformation. The best way to do this appears to be through the control of the 
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introduction of strain softening might be possible candidates for this, but future work 
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